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Abstract 

 

The ability to conduct sub-diffraction optical imaging with super-resolution microscopy has 

revolutionized imaging in biological research. In this thesis I have utilized super-resolution 

imaging methods of single molecule localization microscopy (SMLM) and stimulated emission 

depletion microscopy (STED) to address pertinent questions in various topics of biological and 

medical research. One of the project deals with imaging motoneuron cells to map the sub-

cellular distribution of fused in sarcoma (FUS), a protein involved in the neurodegenerative 

disease amyotrophic later sclerosis (ALS). By applying cluster analysis on SMLM images, 

obtained using the direct stochastic optical reconstruction microscopy (dSTORM) method, an 

increased synaptic accumulation of mutated FUS protein was seen in ALS patient derived 

motoneurons. Further, sequestering of synaptic proteins Bassoon and Homer1 was also 

observed in these patient synapses. In the second part of this project, maturation-based 

variation of FUS localization from post-synapse to pre-synapse was analysed using dSTORM 

and three-colour DNA-PAINT imaging. In another project the use of dSTORM and STED 

methods revealed that the antimicrobial peptide LL-37 shows a direct cytotoxic effect on 

Mycobacterium tuberculosis cells, triggered by cell-wall disruption. Further, it was discovered 

that LL-37 is internalized by human macrophage cells and localizes in the early endosome 

vesicles. Finally, using the STED methodology, proof-of-principle super-resolution images of 

optically cleared post-mortem human brain tissue sections were acquired. 
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1. Introduction 

‘Micrographia’ the first known book on microscopy, written in 1665 by Robert Hooke, declares 

“…. by the help of Microscopes, there is nothing so small as to escape our inquiry” heralding 

the application of optical imaging methods in various research fields (Hooke Robert et al., 

1665; Rosenthal, 2009). Today an overwhelming number of biological studies use microscopy 

as a tool to decipher underlying processes from macro-to-micro-to-molecular levels. A 

multitude of microscopy techniques are available optimized to specific requirements, 

however close to 80% of biological studies employ far-field microscopy with visible light 

(Stefan W Hell, 2007). Near-field microscopy techniques, like atomic force and scanning probe 

microscopy, operate at high resolution but are limited mostly to imaging cellular surfaces or 

in vitro samples. While far-field optical microscopy offers non-invasive imaging of the cellular 

interiors and can also allow live cell imaging, making it easily applicable to biological queries. 

Far-field optical imaging along with fluorescence microscopy further enhances biological 

applications by allowing specific labelling of desired targets with fluorescent labels (Chiarini-

Garcia & Melo, 2010; Thorn, 2016). The main barrier in far-field optical microscopy has been 

the restrictions in attainable resolution set by the diffraction limit of light. However, 

techniques known under the umbrella term ‘super-resolution optical microscopy’ or SRM, 

were introduced to subvert the diffraction barrier; first with the stimulated emission depletion 

microscopy theory proposed in 1994 followed by single molecule localization microscopy 

established in 2006 (Eric Betzig et al., 2006; Stefan W. Hell & Wichmann, 1994; Thomas A. Klar 

& Hell, 1999). Three of the innovators in SRM field Eric Betzig, Stephan Hell and William E. 

Moerner, were jointly awarded the 2014 Nobel Prize of Chemistry (Eric Betzig, 2015; S. W. 

Hell, 2015; William E. Moerner, 2015). SRM has introduced sub-diffraction resolution making 

nanometre level details discernible in biological samples. 

In this thesis I use two of the pioneering SRM techniques stimulated emission depletion 

microscopy (STED) and single molecule localization microscopy (SMLM) to explore biological 

questions with high resolution. Under the SMLM umbrella two techniques termed direct 

stochastic optical reconstruction microscopy (dSTORM) and DNA labelling based points 

accumulation for imaging in nanoscale topography (DNA-PAINT) were utilized in this thesis. I 

start by explaining in Chapter 2 the diffraction of light which limits the resolution that can be 

obtained by optical microscopes and discuss various ways scientists have tried to stretch or 

even circumvent this barrier. The advantages and application of optical microscopy in 

biological samples, especially fluorescence labelling based imaging, are also outlined. In the 

next two chapters the principle behind SRM techniques, the details of the optical setups 

(Chapter 4) used for implementing them and the protocol optimizations required to prepare 

(Chapter 3) biological samples for measurement with these techniques, are discussed. In 

Section 4.5 I provide a practical comparison of the positives and negatives of various SRM 

techniques and discuss the criteria for choosing an imaging method depending on the research 

query. 

Finally I discuss different experiments I performed where prevalent biological questions, which 

could not be addressed with conventional imaging or other biochemical techniques, were 
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tackled with SRM. In Chapter 5 using cluster analysis on SMLM images it could be determined 

that the synaptic protein FUS, harbouring mutations linked to a neurodegenerative disease, 

shows increased clustering in the synapses of a patient derived motoneuron as opposed to 

control neuronal cells. Accurate analysis of the protein clusters in synapses would have been 

difficult with conventional confocal imaging, while biochemical method is unreliable in 

specifically identifying proteins localized in synapses. Additional SMLM imaging with FUS in 

human and rat derived motoneuron detected a change in the sub-cellular location of FUS from 

the post-synapse to the pre-synaptic compartment during synaptic maturation (Deshpande et 

al., 2019). Most of the synaptic protein populations are spatially separated by a distance of 

less than 250 nm, which around the diffraction limit of conventional light microscopes. On the 

other hand the dense electron environment of the post-synapse renders electron microscopy 

imaging inadequate. Therefore, SRM is a perfect tool to visualize synapses on the nanoscale 

and research in neuronal synapses provides a good opportunity to showcase the capabilities 

of the SRM techniques to visualize synaptic architecture on a nanoscale.  

In a separate project detailed in Chapter 6 both STED and SMLM methods were used to 

determine the action of antimicrobial peptide LL-37 on Mycobacterium tuberculosis, a 

pathogen responsible for tuberculosis disease. In order to correctly visualize the interactions 

between LL-37 peptide with the bacterial cells or with intracellular organelles, it is imperative 

to avoid false co-localization which can occur with diffraction limited imaging. However, using 

3D super-resolution STED microscope it was possible to confirm true co-localization, making 

it useful for studying interactions between biomolecules like peptides and membrane 

components.  

Finally, the application of super-resolution techniques in imaging thick samples, like tissue 

sections, is discussed in Chapter 7. Here, I discuss additional steps required during 

immunolabelling and mounting of tissue samples to optimize imaging, especially when 

working with clinical samples fixed in less than ideal conditions. The various imaging projects 

conducted in this thesis are finally summarized in Chapter 8. 
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2. Fluorescence microscopy  

Microscopy applications in biological research has been common since the first bacteria were 

observed by Antoni van Leeuwenhoek in 1670s (Denz, 2015; Leewenhoeck, 1677). But advent 

of florescence microscopy came much later in the early 20th century in the quest to find ways 

to improve specificity in optical imaging. Since, then it has been widely adopted in biological 

and medical research to generate specific images of single or multiple targets in fixed and live 

samples. 

2.1. Fluorescence spectroscopy 

In order to delve deeper into fluorescence microscopy, first we discuss the basics of the 

fluorescence process. Atoms/molecules absorb and emit electromagnetic radiation in discrete 

packets or quanta, which are known as photons. The energy (E) of a photon is dependent on 

its wavelength (λ) and can be given as, 

 E =  
hc

λ
 Equation 2.1.1 

  

 

Figure 2.1.1: Simplified Jablonski energy diagram. A simplified diagram displays the various transition 
undergone by an excited electron. The different electronic states are depicted as split into grouped 
lines of multiple vibrational levels (with the respective highest vibrational level marked as Svib). The 
fluorophore can be excited from the ground state to a higher singlet state (e.g. S2). It then transitions 
to a lower vibrational state S1 by internal conversion (IC) at a rapid rate of kic. Alternatively, it can be 
excited directly to S1, and may then relax to a vibrational level of the ground state with a radiative 
process with rate of kr, or transition to a triplet state (T1) by intersystem crossing (ISC) at rate of kisc. 
Certain types of fluorophores in triplet state can be reduced at rate of kred and transition to a dark state 
(D1). From both the T1 and D1 state the fluorophore can relax  to S0 generally by oxidation at the rate 
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koxi. The transition to ground singlet state can be additionally supported by activation with high energy 
UV light (~400 nm). From the triplet state the dye can also transition to a metastable triplet state, 
eventually leading to permanent photobleaching. In a sperate process, excited molecules (at S1) can 

be relaxed to 𝑆0
𝑣𝑖𝑏 by stimulated emission at the rate of kst. Molecules can decay from a higher 

vibrational level (Svib) to the lowest vibrational level within the same electronic state (S) by vibrational 
relaxation (depicted by squiggly black lines). Based on Leutenegger et al., and Sauer et al. (Leutenegger 
et al., 2010; Sauer & Heilemann, 2017). 

where, h is the Planck’s constant and c denotes speed of light. Fluorescence is the transition 

of molecule between electronic states, where an electronically excited molecule relaxes while 

emitting electromagnetic radiation (Lakowicz, 2006; Mondal & Diaspro, 2014). The atomic 

nucleus is surrounded by electrons in orbitals that are organized in different energy levels. On 

absorbing a photon, an electron transitions to an unstable higher energy orbit and takes the 

atom to an excited state. Eventually, the atom radiates electromagnetic radiation of equal or 

lower energy, and transitions back to its stable energy configuration. 

The easiest way to illustrate the fluorescence process is by a Jablonski diagram that depicts 

the singlet ground state (S0), first (S1), second (S2) and other higher order (Sn) electronic states 

along with the triplet (T1) state; all further split into different (1,2,3…) vibrational levels (Figure 

2.1.1). Molecules transition from a ground state to an excited state (either S1 or Sn>1) by 

absorbing photons of appropriate wavelength (which is shown as a straight line in the diagram 

to signify the small transition time < 10-15 seconds taken for absorption) and then return to 

the ground state (S0) through several processes. One such process is called the ‘vibrational 

relaxation’ (VR) and occurs when the photon relaxes from a high vibrational level (Svib) to the 

lowest vibrational level within the same electronic state (S), at a rate of kvib. In a process 

termed as ‘internal conversion’ (IR) during which molecules at a higher singlet state than S1, 

make a non-radiative transition to the lowest vibrational level of S1 (process occurring in less 

than 10-12 seconds). The ‘fluorescence’ process has a lifetime of about 10-8 seconds and occurs 

only from the lowest energy vibration level of S1 state by relaxation to any available vibrational 

levels of the singlet ground state (Kasha, 1950). The ground state consists of a pair of electrons 

with opposite spins in a singlet state. This singlet configuration is maintained when an electron 

transitions to a higher energy level. Transition from a higher singlet state to the ground state 

is hence, favourable, and the fluorescence process occurs rapidly. In another process called 

‘intersystem crossing’ (ISC), excited molecules can transition to a triplet state T1 from the S1 

state. Molecules in the T1 state then transition to S0 via non-radiative relaxation. Direct 

transition from T1 to S0 is forbidden. Molecules in T1 state can undergo additional ISC into a 

transient dark state (D1) in a some types of fluorophores, generally due to reduction of the 

fluorophore by a reducing agent (Mark Bates et al., 2005). The molecules transitioning to the 

dark state need to relax (at the rate koxi) to ground state before they can be excited again. This 

can be achieved by reciprocal oxidation of the reduced fluorophore, or in some cases, by 

changing the chemical properties of the dye by photoactivation with high energy ultraviolet 

light (Ha & Tinnefeld, 2012; Heilemann et al., 2008; Vogelsang et al., 2008). Control of the 

transition and recovery of the molecule from the dark state is an important processes involved 

in the stochastic optical reconstruction microscopy (STORM) imaging technique (discussed 

further in Section 4.2.1).  
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In addition to the transitions described above, molecules can also undergo a process called as 

stimulated emission which redirects an excited electron to a ground state by depletion instead 

of the fluorescence emission. Generally, stimulated emission occurs when the excited 

molecule absorbs a photon (with a wavelength lying in its emission spectrum) and then returns 

to ground state (with a rate kst) while emitting a photon with identical wavelength, phase, and 

polarization property as the absorbed photon. Upon depletion the electron returns to S0 at a 

higher vibrational level as compared to the vibrational level achieved by electron deexcited 

with the florescence process. By selecting the depletion photon from a red-shifted spectrum 

as compared to the emission spectrum, the photon released by stimulated emission can be 

tuned to show a red shift as compared to fluorescence emissions. Thus, during detection 

photons generated by depletion can be separated from fluorescence emissions based on the 

differences in their energies and this forms the basis of the STED imaging technique (detailed 

further in Section 4.4.1).  

As fluorescence measurement is performed, over time the fluorophore’s emission fades in a 

phenomenon called as photobleaching. The gradual weakening of fluorescence can reduce the 

signal-to-noise ratio, limiting the duration for which a sample area can yield high quality 

images. Several reasons have been proposed to explain the photobleaching process like 

molecular collisions, quenching, energy transfer, or the aforementioned transition to a stable 

triplet state. The last reason is the main cause of photobleaching in a fixed stable biological 

sample, the type mainly used in this thesis. During imaging of fluorophores excited by the 

appropriate wavelength, the population of fluorophores in a stable triplet state rises with 

increasing excitation intensity (Eggeling C., Widengren J., Rigler R., 1999). A fluorophore in the 

excited triplet state is highly reactive and forms irreversible chemical bonds with other 

neighbouring molecules. Oxygen is especially reactive and can generate free radicals with 

fluorophore molecules that have longer lifetimes compared to normal triplet states, leading 

to photobleaching. Quenching can also occur in dye labelled biological samples stored for long 

duration, even when they are protected from light, due to the fluorophores interaction with 

organic molecules present in the sample environment. 

In order to decide a suitable fluorescent molecule for imaging, several fluorescent 

characteristics have to be considered. During the fluorescence process, the energy of 

emissions is lower than the absorption energy due to vibrational losses, as can be seen in the 

Jablonski diagram. Since the energy of a photon is inversely proportional to its wavelength, 

this shift causes the emission wavelength to be larger than the absorption wavelength, and is 

known as the Stokes Shift (Stokes, 1852). The polyatomic nature of fluorophores allows 

various transition processes involving different electronic and vibrational states. Thus, the 

transition between the ground state to the excited state can happen by absorbing a range of 

wavelengths called the ‘absorption spectra‘ and similarly the fluorescence emission also 

happens over a large ‘emission spectrum’. The absorption-emission spectrum of fluorescent 

molecules can be easily identified and depending on microscope requirements, specific 

fluorophores can be selected for imaging. 

The fluorescence quantum yield (QY) can be defined as the ratio of the number of photons 

emitted and the number of photons absorbed. It can be quantified in terms of the rate 
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constants kr and knr for radiative (e.g. fluorescence) and non-radiative (e.g. internal 

conversion, intersystem crossing) transitions respectively; 

 QY =
kr

kr + knr
 Equation 2.1.2 

For fluorophores where the QY approaches 1, there is negligible contribution from non-

radiative processes and hence, a brighter appearance.  

Fluorescence lifetime (τfl) is another characteristic of fluorophores to be considered in 

microscopy. It is defined as the average time the molecule is excited before returning to 

ground state by radiative or non-radiative transition i.e., 

 
τfl =

1

kr +  knr
 

 

Equation 2.1.3 

2.2. Diffraction limit 

The main barrier in the application of fluorescence microscopy to the study of biological 

samples is the resolution limit imposed by the wave nature of light (Mondal & Diaspro, 2014; 

Wolf & Born, 1980). ‘Resolution’ is the ability to distinguish between two closely localized 

point objects. To put it in more practical terms, spatial resolution of a microscope setup is the 

smallest possible distance between two point objects that can be distinguished. Light 

emerging from a point source gets diffracted by the circular aperture of the objective, and the 

resulting image does not appear as a point, but is spread out in a distinct geometrical pattern 

termed as the ‘point spread function’ or PSF. Projected onto the image plane the diffraction 

pattern, called ‘Airy pattern’, appears as a central bright disk surrounded by concentric rings 

which are alternatingly dark or bright. Resolution can also be understood as the minimal 

distance needed between two Airy patterns to distinguish them. The wavelength of light and 

the quality of the lenses in the microscope setup defines the size of the Airy pattern as 

proposed by physicist Ernst Abbe in 1873. The Abbe’s diffraction limit in the lateral image 

plane (x,y) is defined as, 

 dlateral =
λ

2 n  sinθ
 

 

Equation 2.2.1 

where, d is the smallest detail about a structure or minimum distance between two points 

that can be resolved, λ is the wavelength of the excitation source, n is the refractive index of 

the immersion medium and θ is the angle of the cone of light which the objective captures. 

The value of ‘n · sinθ’ defines the numerical aperture (NA) of the microscope objective.  

The axial width of the PSF along the z-axis of measurement is always larger with decreased 

resolution, as compared to the lateral imaging plane (Wolenski & Julich, 2014). The resolution 

in the axial direction between two point sources separated along the z-axis is given by, 
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 daxial =
2λ

NA2
 Equation 2.2.2 

A modified theory, called Rayleigh criterion, was further proposed which states that the 

maximum resolution limit is at the point where the centre intensity maxima disk of one Airy 

pattern coincides with the first dark or minima ring of a second identical Airy pattern. This can 

be given for a standard widefield light microscope in the lateral direction as, 

 d =
0.61λ

NA
 Equation 2.2.3 

However, Rayleigh criterion has certain drawbacks as it assumes the human eyes to be the 

only source of detection. With modern microscopes, improved experimental precision and 

availability of detectors to collect even low emission light, points with less intensity in the 

minima separating the two PSFs (hence closer Airy patterns) can also be distinguished and 

analysed. 

Another method for calculating the resolution limit is using the full width half maximum 

(FWHM) of the detection PSF (Stender et al., 2013). This can be represented as, 

 FWHMlateral =
0.51 ∗ λ

NA
 Equation 2.2.4 

For axial resolution (considering the setup as an objective with NA > 0.5 ) using the FWHM 

criteria the formulae is stated as, 

 FWHMaxial =
0.51 ∗ λ

n − √n2 − NA2
 Equation 2.2.5 

The FWHM is easy to measure with a microscope and has been used for most practical 

considerations in microscopy. 

It has to be noted that practically, the resolution that can be obtained even with the highest 

quality optics and perfect alignment of microscope components, does not reach the assessed 

theoretical resolution value (Cremer & Masters, 2013). This is due to the fact that biological 

specimens contain various components that can introduce optical inhomogeneities and 

distort the wave front of the excitation light. Hence, the effective resolution obtained in a 

biological sample is always lower than the theoretical resolution of the microscope setup. 

2.3. Subverting the diffraction limit of optical microscopy 

Widefield imaging is one of the basic techniques used in fluorescence microscopy. The 

widefield setup generally utilizes an inverted configuration where the objective is placed 

below the sample to be used for both illumination and collecting fluorescence emission. The 

emitted light is partially collected by the objective and after filtering to remove unwanted 

wavelengths is then focused onto a photodetector. The main advantage of this method is that 

a large field-of-view can be illuminated allowing for high speed imaging (Thorn, 2016). The 

resolution of a widefield microscopy system as defined by Equation 2.2.1 is dependent on the 
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NA of the objective and the wavelength of light used. Even with perfect optical components 

and the largest possible numerical aperture the resolution can theoretically only be limited to 

approximately half the wavelength of light source used. Considering the wavelengths in visible 

spectrum (~400 to 750 nm) and the typical high NA of oil immersion objectives available 

commercially (~1.4), the average theoretical resolution of an optical microscope is about ~200 

nm in the lateral direction and ~400 nm in the lateral direction. However, as widefield 

illuminates a large area of the sample also in the z-direction, signal is also generated from out-

of-focus emissions, which the microscope is unable to discriminate from the desired signal 

within the focal plane. This greatly reduces the signal-to-noise ratio (SNR) of the acquired 

images, causing denigration in the image quality and decreasing the empirical resolution. 

The dimensions of objects imaged in biological research differ from several millimetres to sub-

nanometre in range. Also, even within larger biological objects like cells smaller structure need 

to be discerned. For example, a typical cell from a mammalian cell line shows a diameter of 

about 30 µm, well within resolution limit, but intracellular vesicles like endosomes can show 

a diameter in the 100 nm range while protein molecules have dimensions smaller than 100 

nm. Additionally, in biology while conducting co-localization studies (i.e. determining the 

distance separating two or more objects of interest) distances smaller than the diffraction limit 

cannot be analysed. Therefore, since the first simple microscope was built in 1650s, there has 

been consistent push towards improving the resolution limit of optical microscopes for 

biological research (Denz, 2015). 

Within the definition of Abbe’s equation, resolution can be improved by either increasing the 

numerical aperture value or by reducing the wavelength of excitation light. Physical 

constraints limit how much the NA of an objective can be improved, with the highest NA of 

1.7 (source Olympus-Lifesciences, 2020) currently achievable. Hence, the initial approaches to 

improve the resolution of a system targeted reducing the wavelength of light. To this end came 

the development of electron microscopy in 1931, which utilizes electrons instead of photons 

as light sources (Ruska, 1987). The wavelength of electron beams are almost 105 times smaller 

than the range of visible light affording resolution in sub-nanometre range (D. J. Smith, 2008). 

While electron microscopy based techniques provide a powerful research tool and are still 

used in biological research, they have some significant drawbacks. The sample preparation 

process, for example, is technically challenging and needs expertise. Furthermore, the thin 

sectioning and harsh fixation procedures required for most electron microscopy imaging can 

introduce artifacts in the sample. With the current available systems it is difficult to label 

multiple targets simultaneously in a sample for colocalization studies. Also the commonly used 

immunogold labelling for electron microscopy shows much less degree-of-labelling compared 

to immunofluorescence and can give a false impression of the target’s structure (Miller et al., 

2018; Schermelleh et al., 2010). 

The next milestone in florescence microscopy, especially for biological applications, was the 

invention of confocal microscope first introduced in the 1950s (Minsky, 1988). Confocal laser 

scanning microscopy utilizes a scanning technique where a small finite volume is illuminated 

in the focal plane, avoiding activation of out-of-focus objects. The image is formed by moving 

this illumination volume point-by-point through the sample area. Additionally, a pinhole is 
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installed in the detection path which blocks any signal originating from outside of the focal 

volume, overcoming one of the main limitations of widefield microscopy. The illumination spot 

can be moved laterally as well axially, allowing optical sectioning of thicker samples and 

imaging of three-dimensional structures. Though confocal microscopy technique does not 

circumvent the resolution limit described by Abbe’s equation, the enhanced SNR ratio brings 

the empirical resolution limit closer to the calculated theoretical value (Amos & White, 2003). 

Confocal microscopy and other related techniques brought a revolution in imaging, inspite 

being subjected to the resolution limits, with wide usage still seen in almost all biological 

research fields. 

In the early 90s other techniques which pushed the boundaries of diffraction limit were 

introduced to addressing specific high resolution needs of biological research. The 4pi 

microscopy utilized two objectives to illuminate and collect emissions from the same focal 

plane of the sample, the super-imposition of these two signals gives the final image with an 

improved axial resolution of about ~150 nm (S. Hell & Stelzer, 1992). The multi-photon 

excitation (MPE) microscopy uses two (or more) excitation photons of low energy to 

simultaneous excite a fluorophore causing an emission in a higher emission range as compared 

to excitation. The long excitation wavelengths used allow deeper sample penetration and 

reduced light scattering improves its optical sectioning ability compared to confocal 

microscopes and makes MPE highly suitable for live cell imaging (Denk et al., 1990).  

However, while these techniques could stretch the achievable resolution limit, none of them 

truly offered a theoretically unlimited resolution and researchers soon began questioning the 

basic assumptions of image acquisition. Soon efforts in the microscopy field focused on 

discovering ways to completely subvert the physical barrier of diffraction in fluorescence 

optical microscopy. Matt Gustafsson, the pioneer of the structured illumination microscopy, 

suggested that “Even though the classical resolution limits are imposed by physical law, they 

can, in fact, be exceeded. There are loopholes in the law or, more precisely, the limitations are 

true only under certain assumptions” (Gustafsson, 1999).  

One of the first ‘loophole’ was exploited by Stefan Hell when he proposed in 1994 and 

demonstrated by early 2000s the technique termed stimulated emission depletion 

fluorescence (STED) microscopy. In this method all but the centre-most fluorophores or 

emitters in a diffraction limited focal volume were depleted using stimulated emission 

depletion process, allowing sub-diffraction resolution imaging (Stefan W. Hell & Wichmann, 

1994; T A Klar et al., 2000). Further on several other techniques were developed revolving 

around this basic concept of manipulating the behaviour of fluorophores to turn them ON/OFF 

as required and were clubbed under the common term RESOLFT or ‘reversible saturable 

optical fluorescence transitions’ (Hofmann et al., 2005). Popular techniques which adapt the 

basics of RESOLFT include MINFIELD and DyMIN methods (Göttfert et al., 2017; Heine et al., 

2017). 

Around the same time in early 90s, sub-diffraction imaging was approached in a different way 

by Eric Betzig. He proposed a concept stating that features within a focal volume could be 

distinguished by isolating individual emitters from their neighbours and then measuring the 
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spatial location of each emitter separately (E. Betzig, 1995). The basic concept can be 

understood by visualizing two point emitters located at a distance lower than the resolution 

limit of the microscope, their Airy patterns would appear merged and elongated as one 

indistinguishable object. However, if one of the emitter is turned OFF so that it no longer gives 

fluorescence, then the remaining Airy pattern would appear as a single Gaussian distribution 

and can be easily recognized to be arising from a single emitter. Since normal widefield 

microscopy illuminates and detects multiple emitters or fluorophores in the sample at once, a 

similar conundrum arises where single points are indistinguishable. But if only a small subset 

is emitting at any given time point while the rest are turned OFF, these single emitters within 

a diffraction limited volume, can be localized with almost unlimited precision. This process can 

be then repeated many number of times till a completed overview of localization of all the 

emitters can be combined in a single pointillistic image. There are three necessary criteria 

required for successful pointillistic imaging- 1) the number of photons emitted from a point 

sources should be sufficient to distinguish the PSF from background noise; 2) the emitter 

should be fixed in order to avoid motion blurring, atleast for the duration when signal is being 

recorded and 3) ideally only one point emitter should be ON in a diffraction limited volume 

during imaging. These three criterium could be practically fulfilled when in 1997 William E. 

Moerner’s lab reported that some mutants of green fluorescent protein (GFP) showed blinking 

i.e. fluctuation of emission between ON and OFF states, which could be controlled by 

irradiation with UV-light (Dickson et al., 1997). In collaboration with Harald Hess and Jennifer 

Lippincott-Schwartz, Betzig pioneered the photoactivated localization microscopy (PALM) 

technique where only a small set of fluorescent proteins are stochastically activated in an 

imaging frame and subsequently, the precise localization of individual emissions is identified 

by processing their PSF and give a final reconstructed image with enhanced resolution (Eric 

Betzig et al., 2006). At the same time another technique called STORM, using similar principle 

of stochastic blinking but with fluorescent dyes was established (Rust et al., 2006).  

Various strategies have been used to achieve temporally separated activation of point 

emitters in the sample and different analysis methods have been implemented to localize 

them with sub-diffraction level precision; they are all collected under the umbrella term – 

SMLM. Popular methods include ground state depletion with individual molecule return or 

GSDIM technique, dSTORM and PAINT amongst many other SMLM techniques (Fölling et al., 

2008; Sharonov & Hochstrasser, 2006). 

Collectively, RESOLFT and SMLM techniques are dubbed as super-resolution microscopy or 

nanoscopy techniques (Schermelleh et al., 2019). In this thesis the RESOLFT technique of STED 

microscopy along with the SMLM based dSTORM and Exchange-PAINT methods, have been 

utilized to address various biological questions which require sub-diffraction resolution images 

for analysis. Later in Chapter 4 the principle behind each of these three techniques and their 

execution for biological imaging have been detailed. 

2.4. Fluorescence microscopy for biological samples 

As seen in the previous section developments in fluorescence microscopy techniques has 

made detection down to single molecule level possible. However, several consideration in 
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choosing the labelling and imaging procedures have to be followed so as to generate quality 

images from biological material.  

2.4.1. Labelling specific targets 

The first consideration for targeting biomolecule of interest is to identify a probe that shows 

specific affinity to the target and minimal interaction with non-target biomolecules. 

Additionally, the probe should emit fluorescence which can be activated when required with 

a specific signalling given by the user. One of the most common and efficient way of achieving 

this is with immunolabelling methodology where antibody, tagged with dye molecules, are 

used to specifically attach to the required antigens in the sample (Renshaw, 2017). The 

immunolabelling technique has been a constant for fluorescent imaging since 1941 when 

Albert Coons developed the first anti-pneumococcus antibody tagged with fluoresceine dye 

to specifically label and visualize bacterial cells (Coons et al., 1941).  

Nowadays an indirect or paired immunolabelling technique is used, where unlabelled 

monoclonal antibodies (termed primary antibodies) recognize and bind to a single specific 

epitope of the target. Next polyclonal secondary antibodies, which include a mix of antibodies 

recognizing different epitopes of a single antigen, are tagged with fluorophore dyes and used 

to recognize the primary antibodies. The concentrations of both antibodies are adjusted so as 

to have dissociation constants in nM range. This method is cost effective as labelling the mass-

produced secondary antibodies is relatively cheaper and modular than primary antibodies. 

Additionally, secondary antibodies can be more easily engineered to refine their specificity, 

therefore reducing the occurrence of background fluorescence due to unspecific attachment 

(Turkowyd et al., 2016). The main advantage of immunolabelling however, is that there is 

access to a wide variety of small molecule fluorophores and they can be optimized for 

quantum yield, photo-switching property, absorption cross-section or bleaching lifetime as 

required. Using a paired labelling also proves beneficial for signal amplification as typically 

more than one polyclonal secondary antibodies bind to the primary, more so than multiple 

attachment possible with monoclonal primary antibodies. However, it has to be noted that 

multiple antibody binding can prove detrimental for quantitative imaging and precautions 

have to be taken based on experimental requirement (see Section 3.4.1).  

An important step is immunolabelling is sample fixation or ‘killing’ the cells, to preserve the 

current state of the biological material, likened to ‘taking a snapshot’ of the cell (Hobro & 

Smith, 2017; Hoetelmans et al., 2001). Aldehydes like paraformaldehyde, formalin and 

glutaraldehyde perform as crosslinking agents acting on proteins and nucleic acid to preserve 

them. These are one of the most commonly used chemicals for fixation, as they cause 

minimum cell shrinkage, preserve protein structures, and are especially effective for 

preserving thick samples like tissue. However, the chemicals used are highly toxic for the user 

and cross-linking can often affect the immunoreactivity of antigens. Alternatively, organic 

solvents like methanol, acetone etc. can preserve by dehydrating cells and precipitating 

cellular proteins (Levitt & King, 1987). Methanol is very effective at conserving the antigenicity 

of the samples and in protecting nucleic acid components from disintegrating. However, the 

major problem is the destabilizing effect of organic solvents on the structural elements of cells, 
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like cytoskeleton and membrane structure (Hoetelmans et al., 2001). In conclusion the fixation 

method has to be carefully chosen based on experimental requirements, for example where 

microtubule is the target of imaging, aldehyde fixation would be more productive as they 

would efficiently preserve the tubule structures (Bachmann et al., 2016). 

The main drawback of the immunolabelling method is the inability of most antibodies to 

permeate cells without membranes disruption which restricts its usage in live cell imaging. 

Antibodies are relatively large molecules which cannot permeate most cellular membrane, 

hence a permeabilization step needs to be included for labelling intracellular targets. This can 

be done by using detergents like saponin or Triton-X which remove lipid and cholesterol from 

the cellular membrane (Renshaw, 2017). The most commonly used antibodies for 

immunolabelling are whole or fragments of immunoglobulin (IgG) type of antibody, generated 

in various host animals. The IgG probe generally span a length of 10 nm, which is still within 

the range of most super-resolution techniques, making the added length to the target 

biomolecule effectively negligible in final images (Sahl et al., 2017). As an alternative, smaller 

(~5 nm) antigen binding probes like aptamers, enzymatic tags like SNAP, HALO, CLIP or 

nanobodies can be used (Crivat & Taraska, 2012; Pleiner et al., 2015). These alternative probes 

also have their own, drawbacks like lack of customization, higher cost, and longer sample 

preparation time. Another efficient way of labelling targets with almost zero unspecific 

attachment is by using drugs or stains which can react extremely specifically with  certain 

cellular components. There are however only a few targets like DNA or cytoskeletons, against 

which commercial stains are available, and even less options are useful (e.g. LifeAct) in live cell 

imaging (Riedl et al., 2008; Turkowyd et al., 2016). An example of a DNA stain used in this 

thesis, is the fluorescent stain 4',6-Diamidino-2-phenylindole (DAPI). The stain molecules bind 

to the adenine-thymine rich regions of the DNA and are used to visualize nucleus and 

mitochondria in live and fixed cells. 

Apart from immunolabelling other frequently used labelling strategy is with fluorescent 

proteins (FPs) that can be genetically incorporated into the samples to ‘tag’ the protein of 

interest (E. F. Fornasiero & Opazo, 2015). FPs are specifically useful for live cell imaging as they 

are expressed intracellularly by live cells. However, as their expression require genetic fusion 

to the target protein, this may interfere with normal cellular functions of that protein. 

Recently, photoswitchable FPs have been engineered to be utilized for SRM, however they are 

in general dim compared to organic dyes, with this low quantum yield making localization 

based super-resolution microscopy tricky (Henriques et al., 2011; S. Wang et al., 2014). 

2.4.2. Reducing background noise 

Achieving good quality images with fluorescence microscopy requires a high ratio of signal 

compared to the background noise, especially when detecting single molecules at a sub-

diffraction resolution (W. E. Moerner & Fromm, 2003). Background can arise because of three 

main reasons namely light scattering in the sample, cellular autofluorescence, and unspecific 

binding of labeled probes. The major deterrent to achieving the required SNR is the 

background fluorescence noise in the sample. Scattered light in the sample can be decreased 

by changing the illumination mode in widefield microscopy to restricts the excited area (more 
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in Section 4.1.2) or by using optical sectioning techniques like confocal or two-photon 

microscopy. Autofluorescence generally, arises from natural fluorescence emission of cellular 

components like flavin compounds, intracellular nicotinamide adenine dinucleotide (NADH) 

and aromatic amino acids. However, most of the endogenous fluorophores have their 

absorption-emission in the UV- green spectral range. For example, the amino acid tryptophan, 

which due to its ubiquitous presence in all type of cells, is excited at around 280 nm while the 

emission peak is around 350 nm (Monici, 2005). The easiest solution to minimize 

autofluorescence is to shift the imaging channels to the red spectral region. Finally, 

background arising from unspecific attachment of antibodies during immunolabelling can be 

controlled by blocking potential antigens in the biological material with serum or protein like 

bovine serum albumin (BSA), which reduce hydrophobic interactions. However, opinions are 

subjective about which blocking buffer or what concentration is optimal for a specific sample 

type and does blocking even help to reduce background (Buchwalow et al., 2011). Throughout 

various imaging experiments conducted in this thesis, blocking was always found to be 

effective in background prevention. And trial measurements were always conducted before 

deciding on an appropriate blocking technique depending on the sample and antibody type.  

Fixation methods also have a high impact on the background fluorescence, due to changes 

induced in light scattering of the preserved samples. Methanol fixation has been reported to 

show the lowest background fluorescence (Levitt & King, 1987) while aldehydes in general are 

known to induce background noise by reacting with native proteins to generate 

autofluorescence emitting entities (Lee et al., 2013). This problem is exacerbated by presence 

of impurities (strangely known to increase the cross-linking effect) in many commercial 

formaldehyde solutions and need to be reduced for SNR sensitive imaging techniques like 

SRM.  

Another limiting factor for SNR is shot-noise which is a product of the fundamental process of 

fluorescence spectroscopy and detector measurement. Longer acquisition time reduces the  

shot noise as it is subjected to Poisson nature of the noise fluctuation (Thompson et al., 2002). 

However, in biological samples longer measurement fails to improve SNR as both signal and 

unspecific fluorescence background fades overtime and autofluorescence would remain 

almost constant. Therefore, it is imperative to find an appropriate pixel dwell time while 

imaging, which would allow sufficient photon collection whilst avoiding bleaching. 

2.4.3. Sufficient sampling  

In order to get a complete image of the structure of the target of interest in the sample, an 

important criterium is sufficient labelling. The Nyquist sampling criterion, in the context of 

biological imaging, states that the distance between neighbouring labels should be atleast 2 

fold smaller than the desired resolution (Nyquist, 1928). While, this is quite easy to attain in 

diffraction limited imaging, in SRM the sampling criteria becomes very important. However, 

care has also to be taken to avoid over-labelling as this would blur the finer features of the 

target structure due to the large size of the antibodies (Burgert et al., 2015; Lau et al., 2012).  

Lastly it has to be noted that biological sample, even when acquired from common sources 

and processed in identical manner, still tend to have intrinsic variations. While technical 
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replicates are expected to produce similar fluctuations, introduced mainly due to machine or 

environmental factors, biological replicates tend to show unexplained differences (Blainey et 

al., 2014). It is thus vital to include a sufficiently large sample size whenever analysing data 

acquired from biological material to avoid biased conclusions.  
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3. Methodology 

In this section I will detail the protocols used for preparing cell or tissue samples for imaging 

with STED, dSTORM and DNA-PAINT technique. All the glassware, Eppendorf® tubes, syringes, 

needles and pipette tips were sterilized before usage. All ingredients were stored as per 

manufacturer’s instructions. Manufacturer details for all chemicals, consumables and other 

equipment used in this thesis are detailed in Appendix A. 

3.1. Buffers 

Buffers were prepared using deionized ultrapure water (Synergy®, Millipore; 18.2 MΩ cm) and 

filtered (0.22 μm) or heat sterilized before use. The details about the ingredients are 

mentioned in below.  

Buffer/Solutions/Medium Recipe 

1X Phosphate buffer 
saline (PBS) 

8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 2 H2O and 0.24 g KH2PO4 in 
1 l of ddH2O; pH 7.4 

2,2’thiodiethanol (TDE) 
solution 

97% TDE diluted in PBS buffer (137 nM NaCl, 2.68 mM KCl, 8nM 
Na2HPO4, 1.47 nM KH2PO4 in 1 L ddH2O) and pH adjusted to 7.4 

DTT solution (250 mM) Dilute DTT in 1 part PBS with EDTA pH 8 and 1 part ddH2O 
solution 

Micro BCA mix solution Mix 500 uL of reagent A and reagent B with 25 uL of reagent C 
(as per manufacturer’s instructions) 

DNAase solution 1 uL DNAase in 1 mL HBSS, store at – 20 °C 

Dissection buffer 1% penicillin-streptomycin and 1% glucose added to HBSS  

BSA bed 3.5% w/v BSA in MN medium (filtre sterilized) 

Nycodenz gradient Make a stock of 1:1 Nycodenz and DPBS (without Mg and Ca). 

In three separate tubes make the solutions – S1) 3.75 mL stock 
in 11.25 DPBS; S2) 5 mL of stock in 10 mL DPBS; S3)  6.25 mL 
stock in 8.75 mL DPBS. 

In a 25 mL Falcon tube first add 3 mL of solution S1, next load 
3 mL S2 in a syringe, add the solution carefully below S1 and 
finally add 3 mL of S3 with a syringe gently below S2. Store at 
4 °C.  

Blocking Buffer with BSA 0.3% Triton-X and 3% BSA in 1X PBS. 

Blocking Buffer with Goat 
Serum and fetal bovine 
serum (FBS) 

0.3% Triton-X, 10% goat serum, and 5% FBS in 1X PBS. 
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HeLa cell culture medium DMEM,  1% GlutaMAX, 1% non-essential amino acids and 10% 
FBS 

Motoneuron (MN) 
medium 

32% DMEM, 64% knockout-DMEM/F12, 2% B27 supplement, 
1% penicillin/streptomycin and 1% NEAA 

Dilution Buffer (Exchange-
PAINT) 

1X PBS, 500 mM MgCl2; pH 7.2 

Exchange Buffer 
(Exchange-PAINT) 

1X PBS, 500 mM NaCl; pH 7.2 

Oxygen Scavenger Buffer Freshy prepared 100mM cysteamine or mercaptoethylamine 
(MEA), 100 U/ml glucose oxidase, 400 u/ml of catalase were 
added to 1X PBS which has been degassed for atleast 1 h. pH 
of the buffer is carefully adjusted to pH 7.4. Just before 
measurement 40 mg/ml of glucose solution is added to the 
buffer 

Table 3.1 : Composition of all buffers used in the protocols detailed in this section. 

3.2. Test Samples 

3.2.1. Coverslip and sample slide cleaning 

Coverslips of either square  (22x22 mm) or circular (12 and 18 mm diameter) dimensions were 

used. All were high precision type which provides a relatively smooth surface and avoids 

optical aberrations. Object slides of 1 mm thickness were used for mounting the coverslips 

into the microscope sample holder. Both were first wiped carefully with either methanol or 

ethanol using a lens cleaning tissue, and then shortly exposed to a butane burner (Campingaz, 

Germany) flame. Trials showed this created a relatively clean surface sufficient for super-

resolution microscopy of cells and tissue. 

3.2.2. Gold bead test sample 

A sample with uniformly distributed gold particles (80 nm) was prepared for microscope 

alignment. First, 10 uL of gold particle solution was sonicated for a 10 min in a sonication water 

bath. The solution was then diluted to 1:800 with absolute ethanol. About 10 uL of the diluted 

solution was evenly pipetted onto a clean coverslip and left to dry till all the alcohol 

evaporates. The coverslip with unspecifically attached gold beads is then mounted in TDE and 

sealed with nail polish. These samples were used for upto a year when stored in dark. 

3.2.3. Beadmap test sample 

The Beadmap sample was made from TetraSpeck beads (TSB; 100 nm four-colour labeled 

beads). The stock solution was first shortly vortexed and then homogenized for 15 s in an 

ultrasonic bath. The solution was then diluted 1:10 in absolute ethanol from which about 5 uL 

was spread evenly on a cleaned 22x22 mm coverslip and incubated in dark for about 2 min till 

the ethanol solution evaporates. The coverslip, with the TSB beads unspecifically attached on 

the surface, was then mounted in immersion oil (with refractive index of 1.3 to match the 
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water-based imaging buffer), sealed with nail polish and used for upto two month if stored in 

dark. 

3.3. Cell culture 

3.3.1. Cell line cultivation 

HeLa cell line (obtained from Sigma-Aldrich GmbH, Steinheim) were used as control cells for 

imaging trials. The number of cells seeded varied based on the experiments but were in range 

of 3-5·104 cells per coverslip. Cells were cultivated for 24 h at 37 °C, with 5% CO2 in DMEM 

supplemented with 1% GlutaMAX, 1% non-essential amino acids and 10% FBS. 

3.3.2. Primary rat motoneuron preparation 

The preparation of embryonic rat motoneuron cells for in vitro cellular culture was adapted 

from previous publication (Stockmann, Meyer-Ohlendorf, et al., 2013). The pre-cleaned 18 

mm round coverslip were used for rat motoneuron culturing. The coverslips were coated with 

500 uL poly-L-ornithine overnight which was then removed by three ddH2O washes of 5 min 

each. This was followed by laminin (10 µg/mL in 1X PBS) treatment for atleast 2 h, after which 

the solution was pipetted out prior to seeding cells. 

Tissue digestion 

Sprague-Dawley rats (15.5 days pregnant) were anaesthetized in a 100% CO2 chamber and 

then killed by decapitation. The embryos were extracted from the uterus and transferred to a 

petri dish in cold Dissection Buffer. The embryos were then decapitated with scissors, the 

spinal cords were carefully removed and then further dissected out of the spinal sheath while 

placed on ice. The spinal cords were then cut into smaller pieces and transferred to falcon 

tubes, followed by a short wash in DPBS to remove excess blood and tissue. The pieces were 

incubated in 1 mL TrypLE for 30 min at 37 °C  for digestion with trypsinization. Excess trypsin 

was removed by adding 10 mL DPBS and centrifuging for 2 min at 1500 rpm. The pellet 

containing the cells was resuspended in 400 uL of DNAase for 10 min at 37 °C, following which 

6 mL  of DPBS was added to the sample and spun at 1500 rpm for 2 min. The pellet containing 

digested tissue was resuspended in 3 mL of motoneuron medium (MN medium) out which 

single cells were separated by gentle teasing with a Pasteur pipette. The Pasteur glass pipette 

had been fire smoothed beforehand to blunt the edges and prevent cell tearing. Next, the cell 

solution was loaded on a BSA bed (MN medium with filter sterile 3.5% BSA) and centrifuged 

at 80 x g for 20 min at RT, which allows single cells to pellet while the clumped cells and tissue 

fragments are retained at the top of the BSA bed. The pellet was then resuspended in 600 mL 

DPBS. 

Enrichment of motoneuron cells  

The single cell solution attained in the previous step contains a mixture of different types of 

cell present in the spinal cord region, including motoneurons, glia cells etc. To separate out 

motoneuronal cells from other cell types, an isotonic discontinuous four layered density 

gradient made of Nycodenz was used (details about gradient preparation in Section 3.1). The 

mixed single cell solution was divided into four fractions of 150 mL and each fraction was 
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loaded gently on separate Nycodenz gradients. Following centrifugation at 700 x g for 20 min 

in 4 °C , the top 3 mL of the gradient (which contains motoneurons) were carefully transferred 

to another falcon tube. After adding 6 mL of MN medium to this falcon the solution was 

centrifuged at 1000 x g for 10 min at 4 °C, the pellet contains motoneuron cells. 

Cell culture 

The cells were resuspended in MN medium and counted on a Neubauer chamber. About 105 

cells were then seeded per 18 mm coverslip. The coverslips were placed in a 12-well cell 

culture plate and MN medium supplemented with 1% knock-out serum replacement was 

added. The cells were allowed to attach to the surface for 2 h at  37 °C in an incubator with  

5% CO2 and 95% humidity environment. Finally, the medium was changed to normal MN 

medium (without knock-out serum replacement) and cells were cultivated further in the 

incubator for the duration required by the experiment. Every 3 days, half of the existing 

medium in the culture wells was replaced with fresh MN medium.  

3.4. Immunolabelling 

3.4.1. Labelling of secondary antibodies with fluorescent dye 

For some projects I labelled unconjugated secondary antibodies using dyes coupled with N-

hydroxysuccinimidyl (NHS)-ester. This was done when a desired antibody-dye combination 

was not commercially available. Additionally, this method allowed control over the number of 

dye molecules which are conjugated to the secondary antibody and hence, was useful for 

single-molecule localization analysis. The labelling procedure was adopted from the 

manufacturer’s (Thermo Fisher) protocol but optimized to produce secondary antibodies 

labeled with an average degree-of-labelling (DOL) of 1-1.8 molecules of dye. Unconjugated IgG 

(H+L) antibodies with concentration of 1.3 mg/mL were used. 

Conjugation reaction of antibody with dye 

First a 2 mg/mL dye solution was prepared freshly by resuspending dye-NHS-ester conjugate 

in 14.1 M anhydrous DMSO. Next, the reaction was setup by mixing 50 uL of unconjugated 

antibody, 6 uL of 1M NaHCO3 with 9.75 uL of dye solution prepared in the previous step. The 

mixture was incubated for 30 min at room temperature (RT) on a shaker with 300 rpm. After 

the incubation the solution was made up to 100 uL by adding 1X PBS. 

Removal of excess dye 

A NAP-5 column with Sephadex G-25 resin was used to separate excessive free dye from the 

reaction solution. The NAP-5 column was pre-equilibrated with three 1X PBS washes. The 

antibody mixture was loaded into the column followed by addition of 400 uL of 1X PBS, 

allowing the sample to enter the column. The sample is then eluted by adding 500 uL of 1X 

PBS and fractions were collected in 5 separate Eppendorf tubes. The elute from the column 

consists of dye-conjugated antibody and the free dye moved which much slower so will be 

eluted in the later tubes. Hence, the first three Eppendorf tubes were checked for antibody 

concentration by using the NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific, 

Germany). The dye labeled antibody were stored at 4 °C. 
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Note: The DOL for the antibody was determined by, 

DOL =
Absdye ∗  εAb

[A280 − (Absdye ∗ CF280)] ∗ εdye

 

  

where,  Absdye = absorbance of solution at the dye absorption maxima. 

εAb = Extinction coefficient of the antibody (for this study the IgG antibodies used have the 
value as 210,000 M-1 cm-1). 

Abs280 = absorbance of solution at the antibody/protein absorption maxima. 

CF280 = correction factor of the dye (necessary to correct the error introduced by dye 
absorption at 280 nm). 

Εdye = Extinction coefficient of the dye used. 

3.4.2. Generating antibodies conjugated with DNA 

Antibodies were conjugated with DNA strands for SMLM imaging with the DNA-PAINT 

technique. The DNA labeled with dye is termed as the ‘imager strand’ while the unlabelled 

DNA is the ‘docking strand’ and is conjugated to the required secondary antibody. The DNA 

strand sequences were designed by the group of Prof. Ralf Jungmann, Max Planck Institute of 

Biochemistry, Martinsried, Germany and were manufactured by Eurofins Genomics, Germany 

(Schnitzbauer et al., 2017).  

The docking strand and antibody were conjugation by the malemide-PEG2-succiminidmyl 

ester cross linking method. This protocol consists of several time critical stages, so the 

following procedure describe the steps in the order that they are required to be performed. 

Additionally, where necessary check-points are mentioned to make sure other essential steps 

are completed. 

Reduction of DNA-thiol with Dithiothreitol (DTT) 

The thiolated DNA strands obtained from the manufacturer were suspended in ddH2O to make 

a final concentration of 1 mM; 30 uL of this solution was mixed with 70 uL of freshly prepared 

250 mM DTT solution. The mixture was incubated on a shaker for 2 h in dark for the thiol-

reduction reaction. 

Antibody preparation 

The Amicon® Ultra 100 kDa filters were used to further concentrate the commercial antibody  

(molecular weight ≥ 150 kDa, azide-free) solution which at a 1.3 mg/mL was less than the ≥ 

1.5 mg/mL concentration desired for further steps. The Amicon filter were pre-washed with 

500 uL of 1X PBS and centrifuged at 140,000g for 5 min at 4 °C as per manufacture instructions. 

Later 300 uL of the antibody solution was loaded on the filter and centrifuged in a similar 

manner. The flow-through was discarded and the antibody was eluted by centrifuging the 

column in an inverted manner with 1000g for 6 min at 4 °C. The antibody was then 

Equation 3.4.1 
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resuspended in 1X PBS to have a final concentration of ≥ 1.5 mg/mL , which was determined 

by NanoDrop 2000 UV-Vis Spectrophotometer.  

Coupling cross-linker to the antibody 

The maleimide-PEF2-succiminidmyl linker is stored suspended in DMF according to 

manufacturer instruction. The cross-linker solution is added in a 10:1 molar ratio to the above 

antibody solution and incubated in dark for 1.5 h at 4 °C on a shaker. In this step it has to be 

noted that in order to avoid interference with DMF in the antibody cross-linking reaction, the 

totally DMF suspended linker solution is to be restricted to 5 μL. So, the linker solution is 

diluted in 1X PBS as required (based on the concentration of the antibody determined in the 

previous step) before adding it to the antibody solution. 

Removing DTT from the reduced DNA solution  

The NAP-5 column and Amicon®Ultra 3 kDa filter will be used for removing DTT and 

concentrating the DNA respectively. Hence, they are equilibrated according to manufacturer 

instructions before the following steps.  

The DNA-DTT solution, after the incubation time is over, is loaded in the NAP-5 column with 

400 uL of dd H2O. After the solution runs through the column, DNA is eluted with 1 mL dd H2O. 

The eluted solution is divided into multiple Eppendorf tubes (3 drops in the first 4 tubes, 2 

drops in the next 4 tubes and 1 drop in last 8 tubes) while collecting, to avoid any leftover DTT 

from contaminating the main sample. Next, 25 uL of Micro BCA mix solution is added to each 

tube, where if DTT is present, the solution turns purple and can be discarded. The DNA 

concentration in rest of tubes is then determined by ‘ssDNA mode’ of the NanoDrop 

Spectrophotometer and the tubes with ≥ 200 ng/uL of DNA are pooled together. The DNA 

solution is loaded on the Amicon (3 kDa) filter and centrifuged at 14000g for 30 min at 4 °C.  

Removing excess linker from the antibody solution  

Meanwhile the antibody-cross linker reaction should be completed and the excess linker is 

removed using the Zeba™ spin desalting column. The column is cleaned three times with 1X 

PBS following the manufactures instructions. Antibody cross-linker solution is added onto the 

column and spun for 1500g for 2 min at 4 °C. The resultant flow-through collecting the 

antibody is collected and antibody concentration is determined on the NanoDrop 

Spectrophotometer. It should be ≥ 1.5 mg/mL to ensure sufficient yield at the end of the 

protocol. 

Antibody-linker-DNA conjugation reaction 

It should be made sure before the following steps that the final antibody solution is ready, as 

unnecessary long storage of suspended DNA can cause disulphide bridging. The DNA 

concentrated in the Amicon column is then eluted by spinning the column in an inverted 

position with 1000g for 6 min at 4 °C and suspended in 1X PBS. The final concentration is 

measured again and should be ≥ 600 ng/μL. Finally, the antibody-cross-linker and the DNA 

solutions are mixed in a molar ratio of 1:10 and incubated overnight at 4 °C on a tilting shaker 

in dark.  
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Removing excess free DNA from DNA conjugated antibody solution 

 Next day (or atleast after 12 h) the reaction solution was loaded on a pre-washed Amicon® 

Ultra 100 kDa filter to concentrated the antibody and remove un-conjugated DNA. The 

solution is spun in filter columns at 140,000g for 5 min in 4 °C. The flow-through is discarded 

and the antibody is eluted by spinning the inverted column, placed in an Eppendorf tube, at 

1000g for 6 min at 4 °C. The concentration of the antibody was determined by the NanoDrop 

Spectrophotometer. The final solution containing the antibody conjugated to the DNA docking 

strand was then stored at 4 °C in dark for a maximum duration of 6 months. 

3.4.3. Immunocytochemistry protocol for neurons 

Neuronal samples were labeled with fluorescent dye for visualization with the fluorescence 

microscopy technique. Unless otherwise mentioned the paired immunolabelling approach of 

target protein labelling with a primary antibody and the primary antibody visualization with 

dye coupled secondary antibody was utilized. This was done in several steps as follows: 

• Pre-fixation 

Cellular samples on coverslip were fixed before imaging either with paraformaldehyde 

(PFA) or with methanol. For methanol fixation samples treated with cold (-20 °C) methanol 

for 10 min followed by 3X wash with PBS for 5 min. All the fixation steps were conducted 

under a toxic-safety hood. Alternatively, PFA fixation was done with a dilution of 4% PFA in 

PBS at room temperature (RT) for 20 min followed by 3X wash with PBS for 5 min. 

Henceforth, in this thesis (unless mentioned otherwise) PFA always refers to electron 

microscopy grade paraformaldehyde which is a highly purified methanol free solution 

which has been stored in glass bottles under inert atmosphere. 

• Permeabilization and blocking 

Fixed samples were permeabilized and non-target sited were blocked in the same step by 

incubating the samples for 2 h at RT in a blocking buffer with goat serum and FBS. The 

serum utilized in the blocking buffer could differ based on the host from which the sample 

cells were obtained, and has been mentioned under the respective project section. 

• Primary Antibody labelling and washing 

Subsequently the samples were incubated overnight (more than 12 h) at 4 °C with the 

required primary antibody diluted in 1:10 of Blocking Buffer. The excess antibodies were 

hereafter removed first by a quick wash of 5 min followed by three long washes of 30 min 

in PBS at RT. 

• Secondary Antibody labelling and washing 

Next the dye conjugated secondary antibodies were diluted in 1:10 of Blocking buffer and 

applied to the sample for 2 h at RT. This was followed by three PBS washing at RT for 10 

min. The dilution of the antibodies varied and is mentioned in the respective project. 
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• Post-fixation 

This step follows a similar protocol to the pre-fixation method. An additional washing step 

with ddH2O for 2 min at RT was implemented to remove the PBS salt traces. 

All the steps mentioned above now were carried out on a tilting lab shaker on a low rotation 

speed. 

• Sample mounting and storage 

Samples were suspended in PBS if further processing was required before imaging (example 

for dSTORM samples). Alternatively, samples utilized in STED microscopy were mounted in 

a TDE solution and sealed with nail varnish before storage. All the above samples were then 

stored at 4 °C (for no longer than a week) until utilized for imaging. 

3.4.4. Quick immunocytochemistry protocol 

For some experiments a shorter version of the above mentioned immunolabelling protocol 

(Section 3.4.3) was utilized either for trial labelling or to ensure viability of delicate cells. The 

fixation steps were conducted with 4% electron microscopy grade PFA, primary antibody 

diluted in Blocking buffer were applied for 2 h at RT, secondary antibody incubation for 1 h at 

RT and all the PBS washing steps were for 5 min at RT. 

3.4.5. Immunocytochemistry protocol for bacterial cells 

About 2·107 extracellular Mycobacterium tuberculosis (Mtb) cells were seeded on high-

precision glass coverslips, which were then placed in 12-well plates. Bacterial cell wall 

component lipoarabinomannan (LAM) was labeled in the bacterial samples with the paired 

immunolabelling as detailed below.  

Cells were fixed with 4% electron microscopy grade PFA in PBS at RT for 20 min. Samples were 

then washed three times with PBS for 5 min. Fixed samples were incubated for 2 h at RT in 

blocking buffer with BSA.  Next the samples were incubated for 2 h at RT with the anti-LAM 

antibodies solution (clone CS-35 mouse monoclonal antibodies, hybridoma supernatant 

diluted 1:500 in blocking buffer with BSA). The excess antibody was hereafter removed first 

by 3X washes for 10 min in PBS at RT. Secondary antibody (goat anti-mouse conjugated to 

Atto647 dye) was diluted 1:1000 in the blocking buffer with BSA and incubated for 1 h at RT. 

This was followed by three PBS washes for 10 min each and a final wash for 2 min at RT with 

ddH2O.  Samples were either stored at 4 °C in 1X PBS (for no longer than 3 days) or were 

immediately used for imaging. 

3.4.6. Immunocytochemistry protocol for primary macrophages 

About 5·106 cells primary macrophage cells were cultured on uncoated high precision glass 

coverslip placed in 12-well culture plate. The paired immunolabelling procedure was 

optimized for optimal imaging with SRM, as detailed below.  

The cells were fixed at RT for 20 min using 4% electron microscopy grade PFA diluted in PBS. 

Excessive fixation solution was removed by 3X washes for 5 min each with 1X PBS. Samples 

were then incubated for at RT for 2 h in blocking buffer with BSA. Primary antibodies were 
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diluted 1:500 in blocking buffer with BSA. Samples were incubated in this solution for 2 h at 

RT, followed by 3X washes for 10 min at RT in 1X PBS. Secondary antibodies were diluted 1:800 

in the blocking buffer with BSA before being added to the samples for 1 h at RT. Then samples 

were washed three times for 10 min each with 1X PBS at RT. After a final wash for 2 min at RT 

with ddH2O samples were immediately used for imaging.  

3.4.7. Murine spine section preparation 

In the following protocol the steps till spinal cord dissections were conducted by Dr. Michael 

Schoen (Institute of Anatomy and Cell Biology, University of Ulm, Germany). 

The spinal cords were obtained from C57BL/6 adult mice, which were killed by decapitation 

after being anesthetized in a 100% CO2 chamber. The mice were perfused with cold 1X PBS 

(with Ca++ and Mg++), followed by perfusion with 4% PFA in DPBS. The murine spinal cord 

was dissected out and placed in 4% PFA solution for 18 h. Afterwards the spinal cord was 

washed with DPBS three times to remove excess PFA. Then for tissue cryoprotection the 

samples were submerged in 30% sucrose solution and incubated overnight at 4 °C. Finally 

tissues were embedded in optimum cutting temperature (O.C.T.) formulation and positioned 

in a Cryotome (CM3050 S Leica Biosystems, Germany) for sectioning. Several 30 µm thick 

tissue sections from the lumbar region of the spine were obtained. The spine sections were 

stored in a cryoprotectant solution for upto 6 months at – 20 °C. 

3.4.8. Immunohistochemistry for tissue sections 

A separate labelling method was optimized for labelling of free floating tissue sections, 

adapted for the tissue thickness and penetration difficulty, as compared to cultured cell 

samples. Sections were handled with a fine-haired paint brush during transferring or 

mounting. 

• Permeabilization and blocking 

Fixed tissue sections were suspended in 12-well plates and washed 3X with PBS to remove 

any excess cryoprotectant solution. The sections were then suspended in Blocking Buffer 

with BSA overnight on a tilting shaker with at 4 °C.   

• Primary Antibody labelling and washing 

The sections were then placed in solution of primary antibodies diluted in Blocking Buffer 

and incubated for 48 h at 4 °C with constant gentle shaking in dark. The sections were 

then transferred to clean wells and washed three times with 1X PBS at RT for 30 min. 

• Secondary Antibody labelling and washing 

Afterwards the sections were suspended in secondary antibody solution diluted in 

Blocking Buffer for 2 h at RT. The excessive antibodies were removed by three PBS washes 

for 30min each.   
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• DAPI labelling and storage 

Sections were then labeled with a 500 uL of DAPI solution for 15 min at RT, followed by 

three PBS washes at RT for 15 min each. Samples were mounted immediately either in 

TDE or ProLong gold antifade reagent and stored in dark at 4 °C. 

3.4.9. Antibodies 

The primary antibodies (Table 3.2) were thoroughly tested in trial runs to determine their 

optimal concentration suitable for immunolabelling protocols and the concentration of 

secondary antibodies (Table 3.3) varied based on the former. The appropriate dilutions have 

been specified where necessary. 

 

Antibodies 
Animal 

host Dilution 

Corresponding 
dilution used 
for secondary 

antibodies Description 

Bassoon(C-
terminal) 

rabbit 1 :500 1 :800 
Cat# 141 003, 

RRID:AB_887697; Synaptic 
Systems GmbH, Germany 

Bassoon(N-
terminal) 

mouse 1 :500 1 :800 
Cat# ADI-VAM-PS003, 

RRID:AB_10618753; Enzo Life 
Sciences 

EEA1 rabbit 1:500 1:800 
Cat#07-1820 , 

RRID:AB_10615480; Sigma-
Aldrich, Germany 

FUS rabbit 1 :800 1:1000 
Cat# HPA008784, 

RRID:AB_1849181; Sigma–
Aldrich, Germany 

GluA1 mouse 1:200 1:350 
Cat# 182 011 

RRID:AB_1630258; Synaptic 
Systems GmbH, Germany 

Homer1 
guinea 

pig 
1 :800 1:1000 

Cat# 160 004; Synaptic 
Systems GmbH, Germany 

LAM 

 
mouse 1:500 1:1000 

clone CS-35, monoclonal 
antibody in hybridoma 

supernatant (provided by 
Stenger lab, Institute of 

Medical Microbiology and 
Hygiene, University Hospital 

Ulm, Germany) 
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MAP2 
guinea 

pig 
1:800 1:1000 

Cat# 188 004, 
RRID:AB_2138181; Synaptic 

Systems GmbH, Germany 

myc mouse 1:600 1 :750 
Cat#2276, 9B11; Cell Signaling 

Technology Europe BV, 
Germany 

NF-H chain chicken 1:3000 1:5000 
Cat# ab4680, 

RRID:AB_304560; Abcam, 
Germany 

PSD95 mouse 1:800 1:1000 
Cat# ab2723, 

RRID:AB_303248; Abcam, 
Germany 

Synaptophysin1 
guinea 

pig 
1:300 1:200 

Cat# 101 004, 
RRID:AB_1210382; Synaptic 

Systems GmbH, Germany 

TUBA4A rabbit 1 :100 1 :750 
RRID:AB_10889770; Abgent, 

USA 

VAChT 
guinea 

pig 
1:500 1 :800 

Cat# 139 105 
RRID:AB_10893979; Synaptic 

Systems GmbH, Germany 

α-tubulin rabbit 1 :500 1 :800 
RRID:AB_869989, EP1332Y; 

Abcam, Germany 

Table 3.2 : Details of primary antibodies and their frequently used dilutions. 

Name 
Host 

animal 
Conjugated 

Dye 
Description 

anti-Guineapig IgG (H+L) donkey Unconjugated 
RRID: AB_2340442; Jackson 

Immuno Research, UK 

anti-mouse IgG (H+L) donkey Unconjugated 
RRID: AB_2338447; Jackson 

Immuno Research, UK 

anti-rabbit IgG (H+L) donkey Unconjugated 
RRID: AB_2337913; Jackson 

Immuno Research, UK 

anti-rabbit goat AlexaFluro647 
Cat# A21244, RRID: 
AB_10562581; Life 

Technologies, Germany 

Anti-mouse goat AlexaFluro532 
Cat# A11002, RRID: 
AB_10393009; Life 

Technologies, Germany 
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Anti-guineapig goat AlexaFluro647 
Cat# A21450, RRID: 
AB_10564076; Life 

Technologies, Germany 

Anti-mouse goat Atto647N 
Cat# 50185; Sigma-Aldrich, 

Germany 

Anti-rabbit goat Atto594 
Cat# 77671; Sigma-Aldrich, 

Germany 

Table 3.3: Manufacturer information for secondary antibodies  

3.5. Confocal imaging 

For confocal imaging of motoneurons a table top commercial Leica DMi8 (Leica Microsystems, 

Germany) confocal microscope was utilized. The images were acquired at 63x magnification 

(ACS APO 63x, NA 1.3, oil-immersion objective) with a frame size of 174.6 μm2, pixel size of 

171 nm and a pinhole of 137.2 µm. For imaging at 40x magnification (using an ACS APO 40x, 

NA 1.15, oil-immersion objective) acquisition settings were set to a frame size of 275 μm2, 

pixel size of 269 nm and a pinhole of 137.2 µm. Image acquisition parameters were set at an 

8-bit image acquired at scan speed of 400 Hz and were controlled using a Leica Application 

Suite X (LAS X, Leica Microsystem CMS GmbH, Germany) software platform. Samples for 

confocal microscopy were embedded in 20 uL of ProLong Gold Antifade reagent containing 

DAPI and sealed onto a glass object slide. Samples were stored at 4 °C for no longer than a 

week before being utilized for imaging. 
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4. Super-resolution imaging and analysis 

4.1. Single molecule localization microscopy (SMLM) 

The SMLM methods fundamentally depend on the ability to temporally sperate fluorophore 

emissions. Non-overlapping diffraction limited PSFs are generated by sparsely activating 

fluorophores in a single imaging frame and then eventually constructing a pointillistic image 

from thousands of such frames. The different techniques under the SMLM umbrella term vary 

based on the methods used to achieve such a sparse blinking events in samples. The theory 

behind achieving such a photo-cycling by two of the SMLM techniques of dSTORM and DNA-

PAINT used in this thesis are detailed in sections 4.2 and 4.3 respectively. 

4.1.1. Spot localization and resolution 

After having achieved sparse blinking of fluorophores to record diffraction limited positions of 

labelled single emitters in the sample, the next task is to determine the exact location of these 

emitters. A diffraction limited spot for each emitter in the focal plane of the objective is 

recorded by the detector as an Airy pattern. The objects which are out of focus appear as 

blurred spots and result in deteriorated precision of their localization. Hence, in absence of a 

3D SMLM technique only spots from a limited focal plane are registered for analysis. The 

detector records the intensity distribution for each fluorescent spot. Then a post-processing 

analysis process is implemented which uses a fitting function to determine the mean position 

of the intensity profile and estimate the actual position (x0, y0) of the fluorophore. Typical 

localization methods use a center of mass or Gaussian fitting based analysis. 

For a signal I(x, y) at a pixel position (x, y) the registered spot can be modelled as, 

I(x, y) = I0h(x − x0, y − y0) + b Equation 4.1.1 

where, (x0, y0) are the position of the spot in the image, h is the PSF of the imaging setup, I0 is 

the amplitude proportional to the number of photons registered from the emitter and b is the 

average background signal (Small & Stahlheber, 2014). Numerous fitting algorithms are 

available which vary the above parameters to find the best fit for the collected data and then 

infer the true coordinates of the signal. The true position (x0, y0) of an isolated fluorescent 

emitter is measured repeatedly, with each photo-cycling, to get the mean measured value 

(𝑥0̅̅ ̅, 𝑦0̅̅ ̅). The position is estimated with a limited certainty pertaining to two concepts of- 

localization precision and localization accuracy (Deschout et al., 2014). The localization 

precision describes the distribution of the multiple measurements around the mean value, 𝑥0̅̅ ̅. 

The localization accuracy measures the deviation of the mean position 𝑦0̅̅ ̅ from the actual 

position true position x0. The performance of the fitting can be judged based on these two 

criterium and  though other factors can also be involved. A comprehensive classification of 

various algorithms available for SMLM analysis has been provided by Sage et al. and based on 

the experimental requirements the appropriate one can be chosen (Sage et al., 2015, 2019). 

The software and fitting process used for SMLM data analysis for this thesis is detailed later in 

Section 4.1.3. 
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After determining the position of every emitter, the data of all identified emitters is 

composited together to form a reconstructed image of the labelled structure in the sample. 

Each captured photon provides an independent position for the emitter and the precision with 

which it can be localized gives the achievable resolution. The total localization precision in a 

two-dimensional case can be summarized as,  

localization precisionxy = √( 
Δ2

N
) + ( 

a2

12⁄

N
) +  (

8πΔ4b2

a2N2
) Equation 4.1.2 

where, N is the total number of photons detected, ‘Δ’ is the standard deviation of the Gaussian 

intensity point spread function of the emitter, ‘a’ is the effective pixel size of the detector and 

‘b’ is the background noise (Thompson et al., 2002). The three separate fractions, which are 

added under the square root symbol, represent different sources of uncertainty 

(Vangindertael et al., 2018). The first term gives the photon shot noise. The second term 

represents pixilation noise contributed by the fact that there is uncertainty about where has 

the photon arrived in a pixel of size ‘a’ and hence, adds an ambiguity to the photon location. 

The third term takes into account the background noise which disturbs the SNR, arising from 

cellular autofluorescence, detector error, dark current noise and any other external 

fluorescence sources.  

When considering an ideal situation where background can be neglected it is obvious that the 

localization precision scales with the number of photons that are detected. So if we consider 

a single fluorophore which appears as a PSF in the image plane, the number of photons 

detected from it can be each considered as a sperate measurement of the fluorophore 

position and their distribution gives the uncertainty  (B. Huang et al., 2009). Hence, the above 

equation can be shortened as, 

localization precisionxy ≈
Δ

√N
 Equation 4.1.3 

The spatial resolution can also be estimated by the FWHM value can be expressed as,  

FWHMSTORM ≈ 2√2 ln 2Δc Equation 4.1.4 

by considering the standard deviation (Δc) of the determined center position (Deschout et al., 

2014). 

The resolution of the final reconstructed SMLM image is difficult to determine as it is 

composed of point clouds which contains localization details and their associated 

uncertainties. In SMLM, confusion arises as to what can be considered resolution, as the 

classical definition of ‘resolution is the distance between two objects’ is rendered 

inconsequential because fluorophores are detected individually separated from their 

neighbours in both space and time. The confusion is further increased by some researchers 

stating resolution in terms of standard deviation, while other can give values as FWHM (both 
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can be corelated as seen in Equation 4.1.4). While sometimes theoretical estimations of 

resolution, determined upon considering the number of detected photons and other 

microscope setup parameters (as given in Equation 4.1.3), are sometimes reported as practical 

resolution values (Li & Vaughan, 2018). 

4.1.2. Setup and alignment 

The SMLM imaging method has requirements for a simple widefield setup with a high-power 

excitation laser and an UV activation laser. However, as this technique is time-intensive it is 

important to construct a stable setup with minimal environmentally induced variations. To 

this end the setup was built in a highly controlled room with stable temperature and care was 

taken to have minimal user interference while measurement was underway. A custom-built 

optical setup with two colour detection was used for acquiring SMLM images for various 

projects described in this thesis. Details about all the optical components used in this setup 

are given in Appendix A.3. 

The SMLM setup offers the option of switching between four different excitation lasers; with 

the available optical filters allowing dual-coloured illumination with a combination of 532 nm 

and 647 nm or 490 nm and 561 nm wavelengths. The later combination was not utilized for 

any measurement in this thesis and hence, the filter and dichroic combinations necessary for 

that pathway are not mentioned. An additional UV laser (402 nm) is also installed for activation 

during dSTORM imaging. The optical magnification of this setup was 120x but could be 

changed depending on the lenses used in the detection area. The various components of the 

microscope are coordinated with custom-written program in LabView (National Instruments, 

USA). The setup is constructed on an optical table (Melles Griot, Germany) in order to protect 

the optical components from external surface vibrations. The optical arrangement is divided 

into three parts separated by barriers constructed from black hardboard to contain any stray 

light. A fourth part involves a separate detection system with a smaller magnification and 

larger field of view which is utilized for quick scanning of samples. The overview of the setup 

design is shown in Figure 4.1.1 and the optical components are described in this section. 

Laser Box 

The first part of the setup contains the five lasers used for illumination and is constructed at a 

distance away from the main setup to isolate any heat generated by the lasers. Two mirrors 

and lenses are placed in the path of all issuing laser beams and are used to adjust the height 

and collimation of the beams, respectively. The second lens of these is placed on a translation 

stage allowing flexibility while collimating the beams. A mirror directs the first laser (647 nm) 

into a path along which four dichroic mirrors (BC1, 2, 3, & 4 for laser beams 561 nm, 532 nm, 

490 nm and 402 nm respectively) are placed to spatially align the remaining lasers into the 

same path. All beams are then directed by a mirror into an acousto-optical tunable filter 

(AOTF). By controlling the AOTF with electronic interface it is possible to modulate the 

intensity of multiple incoming laser lines simultaneously. Additionally, any selected beams can 

also be redirected away from the illumination pathway into a beam dump, effectively 

switching the beam ‘OFF’. From the AOTF the beams are coupled into a photonic crystal optical 

fiber through a fiber collimator (F.C). 
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Figure 4.1.1: Overview of the custom-built setup used for SMLM imaging. The schematics shows order 
and alignment of various optical components used to acquire images, starting from the laser and 
ending with the detectors; alongwith the upper detection pathway used for widefield imaging. The set-
up arrangement is divided into four main sections (highlighted by different colour) based on their 
overall function. During the course of the thesis the detection pathway outlined in IIIa was updated to 
that shown in IIIb. Abbreviation; AOTF: acousto-optical tunable filter device; EMCCD: electron 
multiplying charge-coupled devices; OD-F: Optical density filters. Based on Reichel, 2016 (Reichel, 
2016). 

Imaging Area 

The optical fiber directs the laser lines to the second part of the setup. A fiber collimator is 

used to collimate the light after which it is magnified with a two-lens (L1 & L2) telescope 

arrangement. Afterwards the beam is cleaned up with a quadband filter (CF-1) and is focused 

onto the back focal plane of the objective by a lens (L3, f= 200mm). The light is reflected by 

two dichroic mirrors onto the 45°C mirror. The mirror reflects the focused excitation beams 

into the objective (APO TIRF 60x, NA 1.49 Oil, Nikon, Germany).  

A XY-translation stage and a Z-piezo stage are used to adjust the sample position. The glass 

slides of the samples were placed into a custom-made steel sample holder and secured using 

small magnets. A coarse z-stage was not implemented in the setup to avoid introducing a 

potential source of sample drift. The Z-piezo stage is utilized for fine adjustment of the sample 

and only has motion range of 200 µm. Hence, any coarse adjustment of the sample was done 

using spacers (steel metallic discs of varying thickness) placed between the sample glass slide 

and sample holder. 

Different illumination modes 

 

 

Figure 4.1.2: Illumination modes used in widefield microscopy for SMLM imaging. Cartoon depicting 
different field of view (red) that can be achieved in the sample (green object depicts a cell with 
nucleus) based on the incidence angel of the beam, are shown. HILO: highly inclined and laminated 
optical sheet, TIRF: total internal reflection fluorescence microscopy. 

The lens which focuses light onto the back focal plane of the objective is mounted on a 

translation stage. By moving the stage in a x-y direction the excitation light beam can be 

shifted in a parallel manner compared to the optical axis. This allows the change in the angel 

of incidence of the beam allowing different field of views to be illuminated Figure 4.1.2. 

Epifluorescence (Epi) is the conventional illumination mode achieved in widefield microscopy 

and allows for homogenous excitation and deep field-of-view (FOV) in the sample. Epi 

illumination can be achieved when the excitation beam coincides with the optical path. 

However, the main disadvantage of this method is presence of out-of-focus signal which would 
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add background noise in the SMLM imaging. When the excitation beam is inclined at an angle 

larger than the critical angle the beam undergoes total internal reflection forming a thin 

evanescent field inside the sample. This is called as the total internal reflection fluorescence 

microscopy (TIRF) illumination mode and can be used to image objects very close to the 

coverslip (Axelrod, 1989). However, as the thickness of the FOV is just about 100 nm from the 

coverslip, it is impossible to measure objects present deeper inside the sample. TIRF 

illumination was employed in this thesis for acquiring images of membrane labelling and for 

visualizing cytoskeleton structures lying close to the surface. If the excitation beam is shifted 

to be slightly offset from the optical axis, introducing an inclination (less than the critical angel) 

in the imaging plane, an oblique illumination mode can be achieved (Fiolka, 2016; Sinkó et al., 

2014). This allows measurement slightly deeper into the sample than TIRF but also reduces 

out-of-focus objects. The oblique illumination mode was used for acquiring images of synaptic 

proteins and intracellular structures like endosomes. Another illumination mode could be 

produced by reducing the diameter of the excitation beam, by inserting an aperture inserted 

into the setup just before the translation stage, causing a smaller sheet of light with a high 

incidence angle to penetrate deep into the sample. This technique is called highly inclined and 

laminated optical sheet (HILO) and is a modification of oblique illumination (Tokunaga et al., 

2008). The HILO illumination improves the SNR of the images as compared to oblique 

illumination. The main disadvantage of HILO is that a thin illumination beam results in a 

reduced FOV, restricting for example the number of objects in the sample that can be imaged 

at once. For an imaging technique like dSTORM involving a long measurement time, reduced 

FOV can be serious drawback. Additionally, the lesser beam intensity lowers the transition of 

dyes into a transient dark state required for dSTORM imaging. To overcome this problem 

samples were ‘forced into a transient dark state’ in an Epi illumination mode and the 

subsequent measurement was conducted in HILO. However, this then creates additional 

problem of correctly aligning channels in two colour imaging, as the illumination beams needs 

to be adjusted for each channel separately. Therefore, HILO mode was utilized only to image 

single labelled samples for acquiring SMLM images of limited area located deep in the sample. 

While in most dual-colour SMLM imaging an oblique illumination was preferred. 

Detection 

The emission light is collected back by the lower objective and is separated from the 

illumination beams by a dichroic mirror (D2), which transmits the emission light into the 

detection area (which is separated away from illumination with an enclosed box). The light is 

then focused by a tube lens (L4; f=200 mm), cropped by a mechanical slit and finally collimated 

by another lens (L5; f=100 mm). A dichroic mirror (D3) then separates the spectral range of 

the two emissions channels with the red channel emission being transmitted and the green 

channel reflected. Both beams then are separately filtered through emission filters (EF1 & 

EF2). Finally, separate lenses (L3 & L4; f=100mm) then focus the emission beams into the 

detector with the red channel light hitting the left half of the camera chip while the green is 

focused on the right half. An additional mirror is placed in the path of the red channel emission 

beam before it enters the camera; this allows the alignment of the detection beam 

comparative to the green emission pathway.  
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The electron multiplying charge-coupled devices (EMCCD) camera which is used as a detector 

device for recording images is controlled by the commercial software Andor Solis (Andor 

Technology, UK). The EMCCD camera offers single photon detection at high operation speeds 

by using an electron multiplying technique called electron-multiplying gain (EM-gain). The 

level of EM-gain can be controlled by the user, with increased gain used for measurements 

with low emissions.  

The detection pathway was changed later on during my thesis work, so as to include an 

additional camera (the focal lengths of the lenses in this updated pathway is; L9 = 200 mm, 

L10, 11 = 60 mm, L12 = 75 mm, L13, 14= 60 mm). This allowed the red and green channels to 

be detected by separate cameras affording a larger field of view. The overview of this 

detection pathway is detailed in box IIIb of Figure 4.1.1 . The resultant minute changes in the 

pixel size or magnification have been incorporated as necessary during image analysis. 

Upper detection pathway to image a larger Field-of-View  

 

 

Figure 4.1.3: Upper detection pathway. (A) Spectra of beams, dyes and optical components used for 
channel-3 are shown. The exemplary absorption, emission and transmission relative intensity of the 
fluorescent stain DAPI, Alex 405 dye and emission filters (EF3) were obtained from manufacturer 
(Thermo Fisher and Thorlabs respectively) specifications. (B) Embryonic rat derived motoneurons 
labelled with the nuclear dye DAPI are imaged with a larger field-of-view (FOV) using the upper 
detection pathway. Scale bar represents 10 µm. 

A separate detection pathway (channel-3) was implemented in order to detect a larger field-

of-view which could help scan the sample quickly and identify a suitable ROI. This could also 

be utilized to detect an additional UV/blue spectral channel which was useful to image a third 

colour in the sample, albeit with crude widefield epifluorescence imaging. In order to avoid 
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interfering with the original widefield SMLM setup, a breadboard installed above the sample 

was utilized to construct this measurement pathway on the upper side of the sample holder. 

An additional objective holder and stage system was built into the setup for the upper 

detection.  

The sample was illuminated with the same laser source used by the main setup. The emission 

light was collected by the upper objective and focused by a lens (L8; f = 200mm) and filtered 

through an emission filter before being detected by a camera. The emission filter could be 

changed in order to detect fluorescence emission from any desired spectra ranges. However, 

the emission spectra of DAPI and Alexa 405 was mainly utilized for experiments in this thesis 

using the 405 laser and the corresponding emission filter (EF3). The resultant image was 

recorded using ThorCam™ software (Thorlabs, Germany). As an example nucleus of rat derived 

motoneuron cells, stained with DAPI to visualize the nucleus, were imaged using the upper 

detection pathway (Figure 4.1.3). 

Autofocus system 

The resolution of the reconstructed SMLM images are in nanometre range hence, sample 

drifts during measurements are noticeable. Further, a typical SMLM imaging protocol involves 

recording a series of images which makes it crucial for the sample stability to be maintained 

over a long time period. Sample drift can be caused due to local changes in temperature, setup 

vibrations and liquid pressure caused by the mounting medium or immersion oil. The last 

cause can be reduced by ensuring that the sample is left undisturbed for some time after 

mounting which gives the liquid elements time to settle. The drift caused by the first two 

reason however cannot be excluded. The lateral drift of the sample can be corrected in the 

post-processing of images, however, any change in the focus of the sample can introduce 

distortions in the PSFs affecting the localization accuracy. Hence, an autofocus system was 

built into the setup to actively correct axial drift by maintaining the z-position of the sample.  

The laser light from an IR laser was focused into the back focal plane of the objective with a 

lateral offset by a dichroic mirror D2. The beam is reflected off the interface between the 

immersion medium and the coverslip at a slight offset from the optical axis. The reflected light 

re-enters the objective at an offset position, displaced from the incoming pathway. The degree 

of this offset is determined by and changes depending on the distance between the objective 

and coverslip-immersion medium interface. The beam then leaves the back aperture of the 

objective and is detected on a chip of a position sensitive device. The exact position where the 

laser beam interacts with the position sensitive device determines the voltage generated 

across the device surface. This data is collected by a data acquisition card and monitored by a 

custom program in LabView. Before starting SMLM imaging the sample is focused and the 

current position of the beam on the position sensitive device is ‘fixed’ with a closed loop mode. 

Any change in the lateral shift of the reflected IR light off the coverslip, caused by z-drift, would 

displace the beam position on the position sensitive device. This is constantly monitored and 

commands are sent to the z-stage to correct the sample position back to the original ‘fixed’ 

focus. 
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4.1.3. SMLM image post-processing 

The series of images recorded for SMLM by the detector are stored in a *.tif file format, with 

data files larger than 2GB being split into multiple files labelled serially. The blinking events 

recorded in these raw data images were processed further to reconstruct a super-resolved 

dataset of their localizations as detailed below.  

The localization of emitter data obtained from samples was detected using a software termed 

FIRESTORM. This software was developed in our lab by Dr. Jochen Reichel and the details of 

the fitting algorithm provided here are acquired from his doctoral thesis (Reichel, 2016). This 

software based in MATLAB (Version 2013a, MathWorks) and has an interactive GUI where 

different parameters involved in image analysis and reconstruction can be defined by the user. 

The reader can refer to the preprint of the paper by Reichel et al. to see an overview of 

FIRESTORM features and their evaluation in comparison to other localization softwares 

(Reichel et al., 2019). 

There are two localization methods available in FIRESTORM to determine the emitter position. 

The first is using the center of mass approach which finds the centroid (x0, y0) of the intensity 

distribution I(xi, yi) in the x direction by the formulae, 

x0 =
∑ xi

N
i=1 I(xiyi)

∑ I(xiyi)
N
i=1

 Equation 4.1.5 

where, N is the number of pixels covered by the intensity distribution. Similar function can 

then be applied to determine y0. This is a quick and computationally non-intensive analysis to 

determine the localization of a fluorescent spot. 

The other localization approach implemented in the FIRESTORM software is weighted least-

square fitting approach (termed ‘Gaussian 2D Fit’). It finds the peak position of the point 

spread function for each emitter by using a Gaussian function as given by, 

f(x, y) = b + a e
[−

(x−x0)2

2σx
2 −

(y−y0)2

2σy
2 ]

 
 

Equation 4.1.6 

where, b is the background, a is the amplitude of the intensity peak, σx and σy are the width 

of the intensity peak in the x and y direction respectively. While this method gives a more 

precise estimation of the fluorophore spot position, it requires longer computation time.  

Upon loading a file of the image/frame acquired of the stochastic blinking fluorophores in a 

sample, the program functions step-by-step as described here. Each frame will have several 

hundred fluorophore spots depending on the labelling density of the sample and photo-cycling 

rate of the fluorophores. In the first step the first frame is loaded in the program GUI and its 

average background noise is calculated. Then the entire frame is scanned to determine the 

pixel showing the highest intensity and a user defined region (i.e. ROI of n x n pixels equal to 

total of N pixels; called here as sub-ROI) around the brightest pixel is chosen. The local 

background (b) around the sub-ROI is then analysed to be used during the fitting process. Next, 
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based on the user selection a fitting function is used for finding the centre of the intensity 

distribution within the sub-ROI. Additionally, the fitting step also determines the width of the 

intensity distribution. The width can be used to filter out overtly large fluorescent spot as they 

probably arise from combined PSFs of closely localized spots or out-of-focus emitters. 

Furthermore, the user also defines limits of several parameters that can be used to evaluate 

the intensity distribution of the selected spot. The criterion minimum number of photon and 

SNR facilitates removal of signal arising from low intensity emission which might affect the 

localization precision as per Equation 4.1.3. The set acceptable limit of asymmetry of the spot 

(relative to its distribution in the x vs y direction) and criteria restricting the maximum allowed 

FWHM of the spot PSF, enables elimination of out-of-focus emitters which appear as large 

PSFs or combined PSFs arising from overlapping emitters. The localization positions (x,y) of 

emitters which qualify within the above described criterium are then recorded and saved as a 

text file by the software. 

Before reconstruction the user has a chance of further rejecting sub-standard localization 

events by restricting these parameters based on - number of photons, asymmetry parameters, 

localization precision and FWHM of the distribution. This second round of selection allows 

quick trials of parameters till the optimal balance is obtained and while saving the user from 

repeating the lengthy frame-by-frame fitting process. The localizations are finally 

reconstructed in a pixel raster with a user defined pixel size, generally 10 nm, with the pixel 

value being defined by the number of photons used in the analysis of all the events assigned 

to that particular pixel. 

For independently generated multi-colour images the entire process described above is 

repeated for image stacks generated from other channels. However, before combining the 

reconstructed images of the same ROI obtained by from different colour channels, care has to 

be taken to get rid of spatial variation between the channels. Discrepancies between different 

colour channels can arise from chromatic aberrations or from optical misalignment. In a 

Beadmap sample same beads are labelled with green and red channel fluorophores (TSB 

Beadmap, described in Section 3.2.3) hence, can be visualized in both channels. The multi-

channel images generated by the Beadmap can be used to generate a spatial transformation 

function. This function can then be utilized to correctly overlay pixels from the reconstructed 

image of one channel onto the other. 

The final post-processing step involves correcting the lateral drift of the sample during 

measurement. As explained before (Section 4.1.2) the z-drift is actively corrected during 

sample measurement, however the lateral spatial shift induced due to external environmental 

factors is hard to control. The post-processing of SMLM images gives the perfect opportunity 

to compensate any x-y drift in the imaging frames. In FIRESTORM a redundant cross-

correlation (RCC) algorithm was used for tracking the localization events based drift and then 

correcting the positions (Y. Wang et al., 2014). The entire series of images are split into 

temporally aligned subsets (for example in most analysis done in this thesis 30,000 images are 

divided into 10 subsets each contain 3000 consecutive frames) and events in each subsets are 

reconstructed into separate images. By comparing the spatial shift of the same sub-structures 

across these multiple subset images, the overall drift can be interpolated. This spatial shift 
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information is then used correct the center positions of the emitters in the final reconstructed 

image. For dual-colour images there is always a time gap between the red channel and green 

channel measurements. Drift for this gap is estimated by using the mean drift values of the 

last two and first two subsets of the red and green channel image stacks and from that the 

program can extrapolate a mean drift. This mean gap-drift value is then included in the green 

channel drift correction. 

Another option was used for drift correction when longer breaks between multi-channel 

measurement are expected, rendering cross-correlation inadequate. This involved tracking a 

fiduciary markers which provides a steady source of photons during imaging. The markers can 

be gold beads, labelled DNA origamis or labelled microspheres (Schnitzbauer et al., 2017). 

During sample preparation one has to be careful not to over-saturate the imaging area with 

marker beads, the ideal being 3-4 beads dispersed around the ROI (see Section 4.3.2). The 

FIRESTORM program involves a separate pathway used for drift analysis based on fiducials. 

The user has to manually mark the fiducial markers in the first image frame so that they are 

not rejected by the filtering process on account of having saturating signal intensity or larger 

FWHM. These marked fiducials are not included in the final SMLM image reconstruction. The 

localization of the markers are analysed by a 2D Gaussian function, which fits the un-saturated 

pixels around the marker to find plot localization under the assumption that the PSFs 

generated from bright beads will be symmetrical. The information from the multiple fiduciary 

markers are combined over all the imaging frames to obtain the function of the lateral sample 

drift, which is then used to correct the localization positions of each analysed event. 

Generally for most analysed images the filtering parameters for initial analysis were set as ROI 

size of 7X7, maximum FWHM allowed as 4 pixels, symmetry constant as 1.5 for x vs y direction 

and minimum SNR of 3 as acceptable. The reconstruction was done with 10 nm pixel size and 

500 minimum number of photons allowed. Reconstructed final images were saved in a 16-bit 

*.tif file format. The SMLM images displayed here were further processed for brightness and 

contrast in ImageJ and processed with a Gaussian Blur filter of σ = 10 nm to compensate for 

the average localization precision expected for dSTORM images (Van De Linde, 2019). Any 

variations from the above mentioned analysis parameters for images displayed in this thesis 

are mentioned. 

4.1.4. Cluster analysis and quantification 

So far, I have described the post-processing conducted on SMLM images to obtain localization 

datasets of labelled molecules. These datasets can be further analysed to derive useful 

information about the distribution and clustering of the imaged targets or in dual-coloured 

images to extract information on biomolecule interactions. A cluster, in sense of pointillist 

images, is a group of labelled biomolecules which are localized closer or bound together by a 

certain pattern as compared to their other neighbours (Baumgart et al., 2018). The purpose 

of cluster analysis algorithms is to apply mathematical operators to find such relations or 

patterns in the SMLM dataset, based on which it can be segmented.  
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Figure 4.1.4: Demonstration of SR-Tessler based SMLM image analysis. SR-Tessler analysis was 
applied to a representative dSTORM image of VGlut1 protein labelled with Alexa 647 dye in neuronal 
cells. (A) An skematic example of Voronoi tesselation diagram is shown; the white seed is surrounded 
by the first-rank neighbours (green) outside which are the second-rank neighbours (red). (B) Original 
data in a reconstructed image (displayed with a Fire LUT) is shown. (C) After application of Voronoi 
tesselation seeds with their corresponding Voronoi cell can be seen. (D) Automatic segmentation 
performed with SR-Tessler, using δ =2 times of average density of the image, could identfy dendritic 
area (red outline) as an object seperated from the background. (E) Finally clusters (green outline) were 
segmented by appying threshold of δ =2 times of average density of the object area (red outline). (F) 
On zooming into the region marked by magenta box in image E, the expanding area of the Vornoi cells 
in the identified protein cluster (region to the right of the green line), object area (region to the right 
of red line) and background (region to the left of red line) can be seen. This demonstrates that the area 
of a Vornoi cell is inversely proportional to the local seed density. As (A) and (F) depict a cartoon 
demonstarting Voronoi cells, no scale bar is shown. For the rest of the images the scale bar depicts 500 
nm.  

The function of cluster analysis in biological samples is to determine grouped biomolecules 

recognized by their dense organization or because of their association with underlying 
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biological structure (e.g. actin proteins evenly localized along cytoskeleton tubules).  Many 

approaches have been developed to analyse clusters in SMLM images using for example, 

Ripley’s Functions derived statistical, Bayesian model-based or density-based approach; 

Khater et al. can be consulted for a comparative examination of various such tools (Khater et 

al., 2020).  

In this thesis I have used a Voronoi tessellation based cluster analysis software called SR-

Tessler, to analyse cluster properties in SMLM data (Levet et al., 2015). In Voronoi tessellation 

a polygon region called a cell is drawn around each centred data point (termed as seed). The 

lines of polygon are perpendicular bisectors through the line representing the Euclidian 

distance between the seed and each neighbourhood data point. To put it differently there is 

no overlapping Voronoi cells as the polygon edges are equidistant from two neighbouring 

seeds. The information about the spatial localization of the seed and its neighbourhood can 

be derived from the geometric properties of its corresponding cell. The area of the Voronoi 

cells is for example inversely proportional to the density of data points, with high density areas 

being composed of smaller polygons (Figure 4.1.4). 

Reconstructed localization datasets of the SMLM images after drift correction, were loaded 

into the SR-Tessler software and Voronoi cells were generated for all the data points. The 

immediate neighbour of each seed (si) who share a common edge of its Voronoi cell are 

designated as first-rank (𝑠𝑖,𝑗
1 ), the seeds with whom the first-rank seeds share their polygon 

edge are second-rank and so on for till seeds (𝑠𝑖,𝑗
𝑘 , k>1) for higher rank polygons.  The program 

computes for each seed the parameters- area of polygon (𝐴𝑖
𝑘), density (𝛿𝑖

𝑘) defined as the 

number of seeds in a selected region divided by area of the region and mean distance (𝑑𝑖
𝑘) the 

values of which are divided into histogram binned by rank of the neighbouring seed. The data 

can be segmented by thresholding any of these parameter and all polygons thus selected are 

merged to be identified as a cluster. The first rank density (𝛿𝑖
1) was utilized as the main 

thresholding parameter for analysis conducted here.  

In Figure 4.1.4 the application of SR-Tessler in identifying protein clusters of the synaptic 

protein VGlut1 within a neuronal dendrite is shown as an example. In a neuronal sample 

VGlut1 is present as a protein clusters in the synapses, it is also localized as single molecules 

or smaller clusters in the dendrite (probably during as part of transport granules) contributing 

to a noisy background within the dendrites. The cluster identification was hence, conducted 

in two segmentation steps. First the object (here the dendrite and synapse) was marked by 

thresholding the entire image area with the density parameter (threshold value = two times 

the average density of the image). Then in the next step, the object identified as synapses was 

marked as a ROI and protein clusters were identified within this ROI by thresholding (threshold 

value = two or three times the average density within the ROI). The protein clusters thus 

identified could further be classified by applying criteriums for minimum-maximum area. In 

the data analysed in this thesis a density threshold of 2 for initial object analysis, density 

threshold of 3 was set for synaptic protein cluster analysis. A minimal area threshold of 0.0005 

µm2 was implemented to exclude smaller protein clusters, this threshold value was based on 
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the literature reported average dimensions for synaptic protein cluster sizes (Dani et al., 2010; 

Spühler et al., 2016). 

The Voronoi tessellation method is robust for analysing even very noisy data and also for 

nonbiased analysis of irregular shaped structures, making it suitable for analysis of images 

obtained from complex biological samples like neurons. It is also able to more easily handle 

large data (like densely labelled samples) compared to some of its other contemporaries 

(Levet et al., 2019). One of the main shortcoming of the tessellation method is that analysing 

parameters of hollow structures (for example vesicles with membrane labelling) is tricky. 

Hence, this program was applied only for analysing solid clusters (like protein aggregates). 

4.2. Direct stochastic optical reconstruction microscopy (dSTORM) 

The STORM technique was first established by the Xiaowei Zhuang lab and uses reversible 

switching of organic fluorophores to stimulate stochastic blinking required for SMLM 

microscopy. The initial technique utilized a reporter dye that could be switched to a temporary 

dark state (see Figure 2.1.1) by using excitation light and then can be photoactivated again by 

exposure to a lower wavelength activation light when in close proximity to an activator dye. 

The first demonstrated STORM imaging was with a cyanine dye pair Cy3-Cy5 as reporter-

activator in oxygen-free redox buffers, with 633 nm and 532 nm light used as excitation and 

activation laser respectively (M. Bates et al., 2007; Rust et al., 2006). However, soon after it 

was reported that many commonly used organic fluorophores also displayed similar photo-

switching behaviour on their own when imaged under the specific conditions, eliminating the 

need for an activator dye (Heilemann et al., 2008). This led to the development of direct 

STORM, which is one of the most easily implemented and hence, widely used SMLM technique 

today (Jensen & Crossman, 2014; Vangindertael et al., 2018). In this section I will outline the 

basic principles, setup requirements and describe imaging with dSTORM microscopy. 

4.2.1. Principle of dSTORM 

The method used to achieve stochastic activation of a subset of fluorophores in a sample is 

what differentiates various SMLM techniques. Here, I explain the exact photochemistry of 

fluorophores which is exploited in dSTORM to facilitate the photo-switching or blinking 

behaviour of dyes. Cyanine or rhodamine dyes and their derived analogues are frequently 

used for dSTORM imaging, hence the mechanism described here pertains to these dyes 

specifically (Gong et al., 2019). In order to achieve the conditions required for dSTORM 

imaging a partially closed system is created by sealing the samples immersed in imaging buffer 

between two glass surfaces. The imaging buffer is composed of specific components required 

for inducing photo-switching behaviour depending on the properties of dye used for labelling. 

As explained in Section 2.2 upon excitation fluorophores can transition to a higher energy level 

electronic state from where they can decay back to ground state or can transition to a triplet 

state. From the triplet state molecules can be converted to a long-lived dark state mostly by 

reduction to form radical anions. In the dSTORM technique a primary thiol compound is 

generally added to the imaging buffer, the thiol transfer electron to a dye molecule in triplet 

state inducing reduction reaction to put the dye in a long-lived dark state, while not affecting 
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molecules in singlet ground state (Karlsson et al., 2019; Vogelsang et al., 2009). It was also 

determined that a short exposure to intense laser power induced a population inversion 

wherein most of the dyes in ground state are directly driven to a long-lived dark state. 

Fluorophores in the dark state can covert back to singlet ground state by oxygenation of the 

reduced radical which can be promoted by exposure to a activation laser (Heilemann et al., 

2008; Van De Linde et al., 2011; Vogelsang et al., 2008). Cyanine dyes especially form an 

adduct with thiols which is a non-fluorescent molecule species. This bond can be broken by 

exposure to high energy UV light, restoring fluorescence. Hence, activation lasers in this 

spectral region are implemented in dSTORM setups (Dempsey et al., 2009). The fluorophores 

are then available for transition back to the triplet state or for spontaneous fluorescence 

emission to start another phot-switching cycle. This cycle can repeat several times, based on 

the photostability of the dye, till the fluorophore is eventually permanently bleached.  

4.2.2. Prerequisites for dSTORM 

It can  be summarized from the above explanation, that it is possible to control photo-

switching of fluorophores by the adjusting the intensity of the excitation laser or irradiation 

with activation laser, while the average number of switching cycles depends on the ingredients 

of the imaging buffer. The rate of photo-switching  during dSTORM imaging is controlled so as 

to ensure that sufficient fluorophores are in a dark state while ensuring that the fluorescent 

lifetimes is adequate to yield the high number of photons necessary for determining 

localization. In order to have only a small subset of active it is necessary that the rate of 

inactivation and bleaching should be larger than the rate of activation and hence, laser power 

should be tweaked accordingly. So to conduct dSTORM imaging we need an imaging buffer 

containing thiol (optimized to the properties of the dye used for labelling samples), a high 

power excitation laser and an UV activation laser which can be controlled by the user in real-

time while imaging. 

4.2.3. Photophysical consideration for dyes and imaging buffer 

As described in Equation 4.1.3 in order to obtain optimal resolution with dSTORM imaging, dyes 

with high quantum yield are required. The factor to consider is the ‘duty cycle’ which is the 

ratio of the time a fluorophore is in active state compared to the dark state. A high duty cycle 

entails more ON time for a fluorophore resulting in overlapping emitters and should be 

avoided for dSTORM imaging.  Also important to consider is the ‘switching cycle’ or the 

average number of times a fluorophore can transition from ON to OFF state before 

permanently photobleaching, and is generally controlled by both the photochemistry of the 

dye and buffer conditions. Alexa 647, a cyanine dye derivative is one of the highly 

recommended fluorophores for dSTORM imaging and this dye was mostly utilized for the red 

channel with the 647 nm excitation laser. The suitable primary thiol source for Alex 647 is  

either cysteamine (also called MEA) or β-mercaptoethanol (βME), however MEA results in 

lower duty cycles and delayed photobleaching (Dempsey et al., 2011). Hence, MEA was the 

preferred thiol source for dSTORM imaging buffer used here. In the green channel (excitation 

laser 532 nm) cyanine dye Cy3B showed the highest duty cycles in MEA, however the lack of 

commercially labelled antibodies with Cy3B deterred its usage. Alternatively, a rhodamine 
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derivative Alexa 532 was found to be a good substitute and also showed high photon yield in 

MEA based imaging buffer (Heilemann et al., 2009). The review by Li and Vaughan can be 

consulted for a comprehensive overview of various photo-switchable dyes and 

recommendations on ideal dye pairs for dual-colour SMLM along with suggestions for optimal 

buffer composition (Li & Vaughan, 2018). 

Cyanine dyes are highly susceptible to irreversible oxidation leading to photobleaching so free 

oxygen needs to be reduced in the buffer system (van de Linde et al., 2011). Hence, oxygen 

scavenger solutions that can deplete the oxygen to a concentration of few micromolar were 

included in the imaging buffer (Ha & Tinnefeld, 2012). The buffer generally consists of glucose 

oxidase which scavenges the free oxygen by oxidizing it with glucose to form hydrogen 

peroxide and gluconolactone as a by-product. The hydrogen peroxide is itself a reactive 

oxygen species (ROS) which is decomposed into water and oxygen by a catalase.  

4.2.4. Sample preparation 

The biological samples were grown on clean high precision coverslip and immunolabelled as 

detailed in Section 3.4 . After labelling, samples were stored in PBS buffer in 4 °C till required 

for dSTORM imaging. Just before imaging the samples were washed for 2 min in ddH2O and 

the excessive water was removed by gently tapping the coverslip sideways on a tissue. The 

coverslips were then mounted in a freshly prepared imaging buffer and sealed onto a glass 

slide using nail polish with care taken to remove any excess air which might introduce oxygen 

into buffer system. The imaging buffer was composed of 100mM MEA and the oxygen 

scavenger system made of 100 U/mL  glucose oxidase, 400 u/mL  of catalase and glucose 40 

mg/mL , all mixed in degassed PBS and adjusted to pH 7.4. Overtime the pH of the imaging 

buffer changes with an accumulation of harmful ROS and thus, the buffer is effective for a 

limited time duration (Aitken et al., 2008). In my observation efficient blinking behaviour was 

maintained for ~4 h after preparing the oxygen scavenger buffer, hence sample mounting and 

imaging was conducted within this time limit.  

4.2.5. Image acquisition 

Minimal alignment is required for the widefield setup as any drift or chromatic aberrations 

can be corrected during post-processing. However, certain minor adjustments which were 

required from time to time are detailed in Appendix B.1. The power was adjusted to 

approximately 45 mW for the red 647 nm laser and 25 mW for the 532 nm laser and about 1 

mW for the 405 activation laser. Before imaging the sample, several images of the Beadmap 

test sample were obtained, which were used during SMLM image post-processing to align the 

images measured separately from the two channels. The exposure time was set to 200 ms and 

to avoid saturation the EM gain of the camera was turned off before recording these images. 

The sample was fixed on the sample holder with magnets and left undisturbed for ~15 min to 

stabilize any mechanical drift. Sample area was then quickly scanned using the upper 

detection pathway to detect a suitable region for imaging and a 256x256 pixels ROI was set on 

the Andor Solis camera software. Illumination mode was adjusted by moving the translation 

stage present in the excitation pathway. After adjusting the focus as required the autofocus 
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system was turned on to stabilize the z-drift of the sample during measurement. Typically 

EMCCD camera settings were adjusted to an EM-gain of 100 and exposure time of 20 ms. 

There is potential chance of the 532 nm laser activating the Alexa 647 fluorophores and 

causing photobleaching of the red colour specially at high laser power. Hence, to avoid this 

the red channel was always imaged first. The sample is initially irradiated with high power 

excitation laser to convert dyes into transient dark state, then a low power of excitation laser 

combined with UV activation laser is used for stochastic activation of fluorophores and a series 

of about 30,000 images were recorded. After that the same procedure was repeated in the 

green channel; with the entire imaging process taking about 15 min. 

 

 

Figure 4.2.1 Improved resolution with dSTORM imaging. Macrophage cells labelled with α-tubulin 
were imaged using (A) low resolution conventional widefield microscopy and (B) dSTORM technique 
(analysed using 2D-Gaussian fitting and reconstructed with FIRESTORM ). The inset images show the 
same magnified region of interests in (A) and (B) marked with magenta box. Scale bars represent 2000 
nm and 100 nm for overview and inset images respectively. (C) Intensity profile (200 nm width and 400 
nm length, marked with a white box in inset image) of the region highlighted (white box) in (A) shows 
a FWHM of approximately 37 nm for the α-tubulin structure. The images shown here have been 
processed with Gaussian blur for display purpose, however data used for analysis was obtained from 
raw images.  

In order to demonstrate the improved spatial resolution of the images acquired by the 

dSTORM method described above, microtubules were labeled in a cell by anti-α-tubulin 

antibody and imaged first with diffraction limited widefield microscopy followed by dSTORM 

 

acquisition (Figure 4.2.1 A, B). The images were then post-processed using 2D Gaussian fitting, 

corrected for drift using RCC cross-correlation technique and reconstructed based on intensity 

with a pixel size of 10 nm. Here, the resolution was defined as the FWHM of the Gaussian 

function fitted over a cross-section profile of the protein clusters. The FWHM of a single 

representative microtubule filament is shown to be around 37 nm (Figure 4.2.1 C) which 

compares with literature values derived from dSTORM images (Heilemann et al., 2008). It has 

to be noted that here the microtubules are labelled with a paired antibody system which might 

add more distance uncertainty as compared to other smaller labelling tags. 
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4.3. Exchange-DNA-PAINT 

Another approach to single molecule localization imaging is using the PAINT (Points 

Accumulation for Imaging in Nanoscale Topography) technique to achieve resolution beyond 

the diffraction limit (Sharonov & Hochstrasser, 2006). The PAINT imaging process achieves 

single fluorophore activation, not by controlling photo-physical properties of the dye as in 

dSTORM, but through having diffusing fluorophores interact transiently with the sample. By 

adjusting the concentration of these diffusing fluorophores it can be optimized that only 

fluorescence signal from a single emitter is counted in a diffraction limited area per 

measurement frame. The PAINT procedure was further developed to include DNA sequences 

bound to the diffusing fluorophores. This procedure called DNA-PAINT has the added 

advantage of sequence specificity which makes multiplexing possible (Jungmann et al., 2010). 

In this section I will discuss the basic methodology, describe preparation of DNA-labelled 

antibodies and outline setup adjustments required for DNA-PAINT imaging. 

4.3.1. Principle of Exchange-PAINT 

DNA-PAINT takes the process of PAINT one step further by attaching diffusing fluorophores to 

short single strand of DNA, called the ‘imager strands’. The complementary DNA single strand 

is then attached to the antibody of interest, called the ‘docking strand’. The sequence of the 

complimentary imaging and docking DNA strands is engineered to allow a transient binding. 

Hence, under the right conditions the diffusing imager strand hybridizes to the docking strand 

and is immobilized for a short amount of time. The fluorescence signal from the dye attached 

to the immobilized imager strand can be recorded, within a duration called the on-time. The 

imager strand then dissociates followed by a period of absence of fluorescent signal at the 

binding site, called the off-time, before another imager strand is bound. The unbound imager 

strands also emit fluorescence but are diffusing too fast to be recorded within the camera 

exposure time and provide only background signal. Hence, the signal obtained from the 

imager strand bound to the docking strand can be used to localize the position of the antibody 

in the sample. 

The binding kinetics can be controlled as required e.g. to synchronize with the detection 

parameters. This can be achieved by engineering the DNA sequence and adjusting the Imager 

concentration. The on-time is dependent on the disassociation rate constant koff  dependent 

on the DNA sequence, which is a second order binding reaction. Therefore,  

 on − time =
1

koff
 Equation 4.3.1 

Whereas, the dark time is dependent on the concentration (cimager) of the imager strands 

present in the solution. Hence, 

 off − time =
1

cimager × kon
 Equation 4.3.2 
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The problem of fluorophore photobleaching can be overcome by flushing in new imager 

strands into the imaging area whenever required. This allows a constant turn-over of imaging 

strands binding to the docking site. Hence, by controlling the on/off-times and constantly 

replenishing the fluorophores, a high number of photons can be extracted from each binding 

event of the imager strand. The localization precision scales with the higher number of 

photons as explained in Equation 4.1.3. 

Additionally, this methods also allows longer imaging time making it possible to get 

localization data from all the docking sites, increasing the target measurement efficiency. This 

ensures that localization of target protein is determined with higher precision and accuracy, 

as compared to other SMLM techniques like STORM. Another advantage of the DNA-PAINT 

technique is freedom of choosing any fluorophore for labelling samples, irrespective of their 

photochemical properties. While in other super-resolution techniques like STORM or STED, 

dyes with only specific chemical composition or within a limited spectrum can be utilized, in 

DNA-PAINT the photochemical properties of the fluorophore are not important.  

The DNA-PAINT technique can be expanded to conduct sequential multiplexing with sub-

diffraction level resolution, called Exchange-PAINT (Jungmann et al., 2014). Antibodies against 

different targets are labelled by orthogonal DNA strands with varying sequences. The 

complimentary imager strands are then sequentially introduced into the imaging chamber in 

different imaging rounds and localizations of all the target proteins are recorded. Intermittent 

washing steps are used between imaging rounds to remove the previous imager strands 

before adding the next. Theoretically, an infinite number of targets can be imaged in the same 

sample by using the Exchange-PAINT technique.  

The main advantage of the Exchange-PAINT technique is allowing multiplexing in the same 

sample to measure multiple targets, while in most other light microscopy techniques the 

number of measured targets is restricted due to spectral limitation. Additionally, in Exchange-

PAINT the same dye can be attached to the multiplexing imager strands. This reduces the 

additional image processing steps required to correct chromatic aberrations of spectrally 

dissimilar dyes. Furthermore, simplified microscopy setups with just one channel capacity can 

be used to image several distinct targets. 

4.3.2. Sample preparation 

Samples were grown on a glass coverslip and labelled using the general immunolabelling 

protocol (Section 3.4.3). The only change in the immunolabelling protocol was the usage of 

secondary antibodies tagged with the Docking DNA strand (preparation details in Section 

3.4.2). In order to track drift fiducial marker (80 nm gold beads) solution prepared in PBS was 

added to the coverslip for 2 min and excess solution was removed with 3X ddH2O washes. 

Meanwhile, the Imager strands solutions were prepared for the desired concentration (50 – 

300 pM) in the Dilution buffer and stored on ice in dark. 
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Figure 4.3.1: Sample chamber assembly for Exchange-PAINT imaging. The cartoon shows assembly of 
coverslip (containing the cellular samples) onto a glass slide to form a measurement chamber which 
could be filled with buffer. The buffer was exchanged using the tubes (blue) connected to separate 
pump assemblies. 

As the Exchange-PAINT protocol involves frequent changing of buffer solution during 

measurement a special open chamber was constructed. A hole with diameter slightly smaller 

than the sample coverslip was cut into a thick glass slide. The sample containing coverslip was 

sealed onto the hole of the glass slide with nail polish. The resultant chamber contained the 

surface with cells and could be filled with 500 uL of buffer. The chamber was then placed onto 

the sample holder of the SMLM setup and stabilized with magnets. Two tubes were 

submerged into the chamber and held in place using adhesive tape (Figure 4.3.1). These tubes 

were connected to two separate pumps. One of the pumps siphoned the buffer out of the 

chamber while the other introduced new buffer/reagent into it. Both pumps were 

synchronized to have the similar flow rate in order to maintain the buffer level inside the 

measurement chamber while avoiding bubbles. 

4.3.3. Image acquisition  

The custom-built SMLM widefield setup (Figure 4.1.1) was used for Exchange-PAINT imaging. 

When measuring multiple synaptic protein with the DNA-PAINT technique, one synaptic 

protein was always labelled with the conventional dye-attached secondary antibody and 

measured with the dSTORM technique. Using this dye labelled synaptic protein synapses could 

be identified in the widefield mode which was not possible for the targets labelled with DNA-

PAINT antibodies. The dye attached to the secondary antibody was in the spectral range of the 

other channel than the channel used for imaging imager strands, preventing the possibility of 

any contamination while measuring. A ROI was chosen making sure that atleast 3 fiducial 

markers were present in the field of view. The PBS buffer in the measurement chamber was 

replaced with an oxygen scavenger buffer, after which the autofocus system was locked into 

the desired position. First the target protein labelled with the secondary antibody linked with 

the dye was measured with the dSTORM mode for 30,00 frames, 20 ms exposure time and 

EM-gain of 100. After this the oxygen scavenger buffer was replaced with 1 mL  of Exchange 

buffer (siphoned in with the two pump systems) to clean the measurement chamber. Next the 

Imager-1 solution (for one of the DNA-PAINT antibody labelled target) was introduced into the 

chamber. The appropriate laser was then switched on and approximately 4-5·104 frames were 

recorded at 200 ms exposure time and EM-gain of 1. Once the measurement was completed 
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the Imager-1 solution was flushed out by pumping Exchange buffer into the chamber. The 

imaging field were closely monitored and the washing process was stopped when no more 

blinking was observed, indicating that all Imager-1 was successfully removed. The Imager-2 

solution was then introduced into the chamber and the imaging process was repeated. Each 

of the target measurement, either with dSTORM or PAINT technique, and the washing steps 

were recorded in separate files to make the processing easier. Finally the Imager-2 solution 

was washed out and replaced with the Exchange buffer. This concluded the process to acquire 

images of one ROI. The sample was then scanned in the normal widefield mode to search for 

the next region.  

Several Beadmap images were acquired before sample measurements as described in Section 

4.2.5. The imaging files were post-processed and corrected for drift using fiducial marker 

tracking and for chromatic aberrations with the FIRESTORM software as outlined in Section 

4.1.3.  

 

 

Figure 4.3.2: Resolution with DNA-PAINT imaging. HeLa cells were labelled with primary anti-α-tubulin 
(green) and anti-FUS (red) antibodies. DNA-conjugated secondary antibodies were used to label both 
the primary antibodies and SMLM images of both channels were acquired successively using the 
corresponding imager strands. Both imager strands were conjugated with Alexa 647 dye. (A) A 
representative dual-colour Exchange-PAINT acquired images are shown. Images were analysed and 
reconstructed using 2D-Gaussian fitting with FIRESTORM. A zoom of the α-tubulin structure is shown 
as inset (magenta box). (B) An intensity profile (200 nm width and 400 nm length) of the region 
highlighted (white box) in (A) shows a FWHM of approximately 38 nm. The SMLM image shown here 
was processed with Gaussian blur for display purpose, however analysis was performed on raw images. 
Scale bars represent 1000 nm and 500 nm for overview and inset images respectively. 

In order to demonstrate the resolution of the images acquired by the DNA-PAINT method 

described above, microtubules and DNA/RNA binding protein FUS were labeled in HeLa cell 

line cells by the respective primary antibodies (see Section 3.4.4 for immunolabelling 

protocol). Then DNA-conjugated secondary antibodies (see Section 3.4.2) were used to 

recognize primary antibodies. The complimentary ‘imager strands’ for both secondary 

antibodies were conjugated with Alexa 647 dye and hence, both the labelled protein targets 

were imaged successively in the same (red) channel of the SMLM setup. The acquired image 
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stacks were then post-processed using 2D Gaussian fitting, corrected for drift using bead 

tracking and reconstructed based on intensity with a pixel size of 10 nm. The FWHM of a single 

representative α-tubulin labelled filament is shown to be around approximately 38.5 nm 

(Figure 4.3.2) which compares with values derived from dSTORM images. 

4.4. Stimulated emission depletion microscopy 

STED microscopy can be considered as an extension of the confocal laser scanning setup, 

where the process of stimulated emission (see Section 2.1) is implemented as an addition to 

fluorescence imaging with the aim of achieving sub-diffraction resolution (Gould et al., 2017; 

Sahl & Hell, 2019). 

4.4.1. Principle of STED 

The simple but clever premise of the STED technique involves shaping the depletion laser used 

for stimulated emission into a toroidal shape, having a symmetric high intensity profile on the 

outside with an intensity minima (ideally zero) in the center. This can be visualized more easily 

as a donut-shaped depletion beam with a hole in the center. The depletion donut is then 

overlaid onto to the diffraction limited volume of the excitation laser and both are scanned 

over the sample. While the fluorescence signal is emitted in the zero-intensity central hole, 

the fluorophores at the periphery will be deexcited by the stimulated emission depletion 

process, effectively shrinking the emission volume and increasing resolution of the resultant 

image. The depletion phenomenon is reversible, hence previously excited fluorophore when 

forced to ground state by stimulated emission, can be re-excited to follow the fluorescence 

process. 

Another shape of depletion beam pattern is needed to increase the axial resolution (T A Klar 

et al., 2000). The depletion beam is shaped so as to have a near zero-intensity minima at the 

focal plane while forming two lobes above and below the plane. Hence, the fluorophores can 

only emit from an effectively ‘shrunken’ axial volume affording an increased axial resolution. 

This pattern also generates a lateral donut but with comparatively low confinement. However, 

by combining the axial STED beam (STED-Z) along with the donut shaped lateral depletion 

beam (STED-XY), improved resolution can be achieved in a 3D volume (see Appendix B.2). 

4.4.2. Prerequisites for STED imaging 

During STED imaging, fluorophores in the sample exposed to both excitation and depletion 

light have two options for deexcitation (OFF state) - either by the fluorescence process or by 

stimulated emission. Here we can define Isat as the saturation intensity where half of the 

fluorophores are depleted back to the ground state (Stefan W. Hell, 2003). The Isat is 

dependent on the absorption cross section (σs) for stimulated emission and the fluorescence 

lifetime (τs) of the ON state for a fluorophore, 

 Isat~
1

σSτs 
 Equation 4.4.1 
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For most organic fluorophores the values are approximately, σs ~10-16 cm2 and τs ~10-9 s, 

dependent on the depletion wavelengths. Therefore, we can calculate that ~1025 photons per 

second in cm2 are required to reach Isat, As example we can consider a depletion laser of 750 

nm wavelength where (considering Equation 2.1.1)  we can derive that laser power of atleast 

~5 MW/cm2 would be required to turn fluorophores OFF by stimulated emission depletion 

(Rittweger et al., 2007; Vicidomini et al., 2012). In order to achieve complete depletion, the 

actual power (Is) of the STED beam should ofcourse be much higher than Isat to be able to drive 

all excited fluorophores to ground state. 

The achievable resolution is strongly tied to the stimulated emission depletion process and 

hence, is dependent on the beam intensity. The lateral resolution of the STED microscope can 

be defined by modifying Abbe’s formula as, 

 
dSTED =

λ

2 n sinθ √1 +
Imax

Isat

 
Equation 4.4.2 

where, Imax is the maximum intensity of the depletion beam. The resolution of the microscope 

scales as the inverse square root of the saturation factor (ζ = Imax / Isat) and can be extended to 

an infinite value resulting theoretically, in resolution improvement without limit. Moreover, 

higher beam intensity results into a steeper intensity gradient between the donut and the 

central minima. When ζ =0 then the depletion beam is either off or ineffective and resolution 

becomes diffraction limited.  

The STED image resolution can also be stated in relation to the FWHM of confocal imaging 

mode as, 

 FWHMSTED =
FWHMCON

√1 + a2 ζ FWHMCON
2  

 Equation 4.4.3 

where, ‘a’ designates the steepness of the STED pattern in the lateral direction (Harke et al., 

2008).  

The highest lateral resolution reported so far has been ~2.4 nm in STED images acquired from 

the nitrogen vacancy defects in diamonds (Dominik Wildanger et al., 2012). Practically 

however the limits of the saturation factors are defined by phototoxicity tolerance of 

biological samples and photobleaching induced in fluorophores. In order to saturate the 

stimulated emission by winning over the fluorescence process it is apparent that high flux of 

stimulated emission photons are needed. This is the reason that the STED imaging technique 

is highly dependent on the illumination and depletion power along with the photophysical 

characteristics of the fluorophores. Another factor limiting the achievable resolution is 

generating an adequate SNR in order to collect sufficient photons above the background noise. 

This is a common concern for STED microscopy considering that smaller the focal volume of 

the donut minima gets the less fluorophores generating photons it will contain. Most STED 
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technique aim for a lateral resolution of ~30 - 40 nm which is a huge improvement on 

conventional microscopy. 

A main problem to counter in STED imaging is photobleaching. Ideally the depletion laser 

should saturate stimulated emission and prevent other competing processes from occurring. 

The fluorophores within the diffraction limited volume of illumination beam are excited to S1 

state by the excitation beam after which, if exposed to the depletion laser, they are forced to 

the ground state with stimulated emission. However, molecules excited to S1 electronic state 

can be triggered easily by a redshifted depletion beam to transition to higher vibrational (> S1) 

or to triplet states (Blom & Widengren, 2017). Though the probability of these transitions is 

generally low (as discussed previously in Section 2.1), the chances of their occurrence are 

increased due to the necessary high intensity of the depletion beams. Fluorophores 

transitioning to the triplet state are problematic due to their long lifetime before they can 

return to S0. Also the T1 metastable states act as precursors to permanent photobleaching. 

The high-power laser also triggers excitation of the dye, from S0 to S1, directly with the STED 

depletion laser instead of the excitation beam which then further increases the chances of 

photobleaching. The solution is to make sure that the STED beam is absorbed only when 

molecules have been excited by the illumination beam and have had time to relax to the 

lowest vibrational stage of S1. This can be achieved by introducing a delay between the 

excitation and depletion beam arrival at the sample on the same order of the time taken for 

molecules in the higher excited states to relax to S1 (practically between 10 -150 picoseconds). 

The depletion pulse has to be timed perfectly in relation to the excitation, if the depletion 

photons arrive too early fluorophores would not have been excited yet or would not have 

reached the lowest vibrational level of S1 required for stimulated emission. On the other hand 

if the STED pulse is too late molecules will be relaxed by fluorescence process and not by 

spontaneous emission triggered depletion. 

In the setup described in this thesis a pulsed light source has been implemented to provide 

both excitation and depletion beam. Pulsed laser enhances the achievable resolution, as 

packets of energy are concentrated in each pulse and resolution scales (Equation 4.4.2) with 

depletion beam power. The advantage with respect to the STED setups where continuous 

wave depletion (CW) lasers are used is obvious. While CW-STED offers faster imaging speeds 

the achievable resolution declines (Galiani et al., 2012). The duration of the STED pulses needs 

to be fine-tuned to fall within a limited range, in order to achieve successful depletion. The 

upper limit on the pulse duration, is set by the fluorescence lifetime (τfl is generally 1-5 ns) as 

depletion photons need to induce stimulated emission in molecules populating the S1 state. 

On the other hand the lower limit is set as the time required for depleted molecules, which 

always decays to the highest vibrational level S0
vibof the ground state, to return to S0 (kvib ~1 

picosecond). Experimentation by Dyba et al., determined that duration of each pulses from 

about 150 ns to half the duration of the excited state (S1) lifetime can provide optimal 

reduction without excessive photobleaching (Dyba & Hell, 2003).  
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4.4.3. Setup design 

A custom-built confocal setup with simultaneous measurement of two colour and super-

resolution imaging in both axial and lateral direction was used in this thesis for acquiring STED 

images. The setup has two excitation lasers of wavelengths 568 nm (channel-1) & 647 nm 

(channel-2) and two respective depletion beams of ~715 nm and ~750 nm wavelength. The 

depletion beams can be activated to achieve sub-diffraction resolution images with ‘STED 

mode’ or can be switched off to image samples with the ‘confocal mode’. A time-gated 

detection has been implemented to avoid cross-talk between the two colour channels. The 

theoretical magnification of this setup is 100x, depending on the objective and the lenses used 

in the detection pathway. A widefield imaging pathway is also additionally incorporated into 

the setup to allow low resolution but larger FOV imaging of the samples. The various 

components of the microscope were controlled by a custom-written program in the LabView 

(National Instruments, USA). The construction of the original version of this microscope has 

been explored in detail in other sources (Osseforth, 2014; Osseforth et al., 2014).  

The STED setup is constructed on an optical table to isolate the microscope components from 

external vibrations. The optical arrangement is divided into four parts by boxes made from 

black hardboard with polyurethane foam core which effectively contains stray light preventing 

it from entering the other sections of the setup. Each of these part is detailed as a schematic 

overview in Figure 4.4.1 and are described in detail below. 

I. Wavelength selection Area 

The first part of the setup (referred to as the ‘wavelength selection area’; Figure 4.4.1) contains 

the components used to separate the spectral range output of the super-continuum laser into 

different wavelengths required for excitation and depletion beams and stops where these 

separate beams are coupled into optical fibres.  

The excitation and depletion lasers are generated from the same super-continuum source (SC-

450-PP-HE laser; Fianium Ltd., Southampton, UK) which offers unpolarized laser in a wide 

spectral range spanning from UV to IR. Between the wavelengths of 550 to 800 nm, which was 

the range used in this microscope setup, on an average about 1.2 mW/nm of power spectral 

density is available. The laser source offers pulsed energy output where a repletion rate of 1 

MHz and a pulse length of ~166 ps was selected for our setup. The resulting 1 µs interval 

between pulses gives sufficient time for dark state relaxation to reduce photobleaching while 

the pulse length allows sufficient time for efficient depletion (Auksorius et al., 2008; Donnert 

et al., 2007; Moffitt et al., 2011).  

First, the laser beam is collimated through a collimator attached to the output fiber of the 

laser, then the beam hits a dielectric mirror, where major unwanted part of the infrared 

spectrum is transmitted into a beam dump. The reflected part of the beam passes through a 

polarizing beam splitter (PBS1) and is split into s- and p- polarized light. The reflected s-

polarized light on one path is altered back with an λ-2 waveplate (λ2-1) by 90 degrees. It is 

then split by a dichroic mirror (D1) and the spectral range required for STED-XY-2 is then 

coupled into the optical fiber with a fiber coupler.  
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Figure 4.4.1: Overview of the custom-built setup used for STED microscopy. The schematics shows 
the order and alignment of various optical components used to acquire images, starting from the laser 
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and ending with the detectors. The set-up arrangement is divided into four main sections (highlighted 
by different colours) based on their overall function. The components in the small section (blue box) 
are activated when necessary and are part of the pathway used to check the alignment of the detection 
optics. The optical arrangement used as a monochromator is shown in detail in the yellow box at the 
right upper corner. Abbreviation; PBS: Polarizing beam splitter; ND-F: Neutral density filters. Based on 
Osseforth, 2014 (Osseforth, 2014). 

The reflected light from D1 is split again by (D2) where the transmitted light is used for STED-

XY-1. The reflected light passes through a bandpass filter (BP1) where the spectral range of 

568 nm (used for Excitation beam 1) is selected and the beam is coupled into the optical fiber. 

The transmitted p-polarized light from the PBS1 is then split by a dichroic mirror (D3) where 

the transmitted light is of the spectral range required for STED-Z2 and is coupled into the fiber.  

The reflected light is split further into the spectral wavelengths required for STED-Z1 

(transmitted path) and Excitation-2 (reflected path) by a dichroic (D4). Before entering the 

optical fiber the exact wavelength (647 nm) for Excitation-2 is selected by a combination of 

two bandpass filters (BP2 and BP3). The wavelength of all the STED beams is fine-tuned just 

before being coupled into the optical fiber with the help of a setup functioning as a 

monochromator. Using the monochromator a wavelength of 715 ± 10 nm and 750 nm ± 10 

nm were selected for the STED channel-1 and 2 depletion beams respectively. The 

monochromator arrangement (detailed in Figure 4.4.1, yellow box) involves directing light into 

a prism after which the refracted beam is directed by a converging lens through a mechanical 

slit/aperture. The slit is adjustable and can be opened or closed to allow selection of the 

desired wavelength range. The beam is then reflected off a tilted mirror (which allows the light 

to follow a separate path than the incoming beam) and is then reflected by another mirror 

onto a two-lens ‘telescope’ arrangement. This telescope allows more flexibility in aligning the 

beam into the fiber coupler mounted on a translational stage. The excitation & depletion 

beams are finally passed into a single mode optical fibres which are useful for maintaining the 

polarization of the beam and allow freedom in directing the laser wherever necessary. Any 

aberrations in the wavefront of the beams are also cleaned up within the optical fibres. The 

activation/deactivation or the intensity of each individual excitation & depletion beams can 

be controlled by a flag shutter and a separate servo-controller device, respectively. Both these 

are placed just before the fiber coupler and can be controlled digitally.  

II. Imaging Area 

The second part of the setup is used to generate the STED-XY and -Z beam patterns and finally 

to direct the beams into the objective and onto the sample mounted on the measurement 

stage. The light leaving from the optical fiber is collimated using fiber collimators. From there 

the two STED-XY beams, used for lateral resolution, are passed through vortex phase plates in 

order to generate the necessary donut shaped pattern. A phase plate with a spiral called 

vortex phase plate can introduce a 0 to 2π phase difference to the wavefront creating a central 

minima (Harke et al., 2008). Circular polarized STED beam, when passing through the vortex 

phase plate destructively interfere in the focal center producing almost zero-intensity center 

surrounded by a high intensity circle. The plate has etchings, imagine a circular winding 

staircase descending from top to bottom, with the depth matching the magnitude of the 



4. Super-resolution Imaging and Analysis 

54 

 

depletion wavelength. The phase plates used in our setup had several patterns available which 

are wavelength specific. Hence, for  STED-XY channel-1 (PPV-1) with wavelength of 715 ± 10 

nm, the 708 nm pattern is utilized. While the 735.8 nm pattern (PVV-2) is chosen for STED-XY 

channel 2 as it is closer to the wavelength of 750 ± 10 nm. The pattern for STED-Z beams is 

generated using a circular phase plate (D. Wildanger et al., 2009). A phase delay of π is 

introduced by the inner region of the plate causing destructive interference at the center of 

the optical axis and presence of axial lobes one above and other below the focal plane (T A 

Klar et al., 2000; Tang et al., 2019). An additional depletion donut is also present along the xy-

axis allowing an improvement in the axial resolution but with much less efficiency as compared 

to the donut pattern in the STED-XY beam. A mirror in a piezo mount is included in each beam 

path after either the fiber collimator or the phase plate (for depletion beams) to help during 

setup alignment.  

After generating the necessary pattern the STED-XY and -Z beams are spatially overlaid by 

combining the beams with polarizing beam splitter separately for channel-1 (PBS-2) and 

channel-2 ( PBS-3). In order to uniformly deplete randomly orientated dye molecules from 

their excited state it is important for the STED-XY beams to be circularly polarized. To that end 

the polarization is first shifted by λ/2 waveplates for the channel-1 STED-XY & -Z beams ( λ2-

2) and separately for the channel-2 STED-XY & -Z beams (λ2-3). All the STED beams are then 

spatially aligned together with a dichroic mirror (D5). And then the circular polarization is 

further achieved by an achromatic λ/4 waveplate. The Excitation beams 1 & 2 are aligned with 

all the depletion beams with their respective dichroics (D8, D7 & D6). Finally a 45° angled silver 

mirror, which maintains the polarization state of the light, directs all excitation/depletion 

beams into the objective (HCX PL APO 100x with NA 1.40, oil immersion, CS, Leica, Germany) 

placed in a customized steel holder. 

The samples are scanned using a XY-translation stage called ‘coarse stage’ to detect a suitable 

ROI.  An additional high-precision XY-scanner stage called ‘scan stage’ with a range of 100 µm 

in both X and Y direction and precision of 0.1 µm is utilized to systematically scan the sample 

within pre-decided parameters while recording final images. The sample is positioned over the 

‘Scan stage’ and held in place with magnets. The focus of the sample could be adjusted by 

moving the objective via a coarse mechanical screw mechanism installed into the objective 

holder. 

III. Detection 

The fluorescence emission from the sample is collected by the objective and is then later 

separated from the excitation/depletion beam pathway with two dichroic mirrors (D7 and D8). 

The detection area of the microscope is protected by an additional black box so as to avoid 

any stray light from hitting the sensitive detectors. The emission from the two channels is 

separated by a final dichroic mirror (D9) and then passed through emissions filters (EF1 and 

EF2) to remove any residual excitation light. A multimodal optical fiber is then used to focus 

light before the detectors and acts as a confocal pinhole (core diameter 62.5 µm or ~1.16 Airy 

units) by removing stray or out-of-focus light. Finally, the fluorescence beams were detected 

by separate avalanche photo diode detectors (APD-ch1 and APD-ch2).  A DAQ card (PCIe-6259, 
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National Instruments) was used to register detectors events which were processed further in 

a LabView program and displayed in real-time for the user. 

A pellicle installed in the emission light pathway just before the dichroic mirror D9, directs the 

light into a different pathway where a channel photomultiplier detector (CPM) is used for 

detection. This arrangement is utilized for aligning the optical components of the microscope 

which are sensitive to temperature variations and show drifting over time. Further, details 

about alignment procedures are provided in the Appendix B.2. 

IV. Widefield Imaging 

A widefield epifluorescence setup was added on to the main setup to allow an imaging system 

wherein the sample can be scanned quickly and with a larger field of view compared to the 

confocal mode.  

 

 

Figure 4.4.2: Images with the widefield setup added on to the STED microscope. HEK293 cells were 
immunolabelled with anti-myc-TBCB (red) and anti-TUBA4A  (green) antibody and stained with DAPI 
nuclear dye. (A) Images were acquired for a large field-of-view using the widefield epifluorescence 
setup. (B) The ROI (marked with dotted rectangle in the overview) when selected could then be imaged 
with confocal and STED-XY technique by switching the setup to confocal mode. All scale bars are 5000 
nm. 

The setup update was made with the help of Dr. Christian Osseforth. This provides a quick 

overview to check sample labelling quality, locate ROIs and also adds an additional channel 

(channel-3) in the UV/blue spectral range to image a third colour labelling. A mirror mounted 
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on a flip mount before the 45° mirror separates the widefield setup from the confocal 

microscope. When the mirror is flipped into an upright position the excitation/emission beams 

of the widefield setup are reflected by mirror either into the objective or along a separate 

detection pathway. High power LEDs (395 nm, SMB1N-395V and 630 nm, SMB1N-D630; both 

from Roithner Laser, Vienna, Austria) are used as a cheap excitation light source. The LEDs and 

the power source are removed away from the STED optical table and were instead installed 

on a separate optical breadboard. This was to avoid introducing temperature variations within 

the optical components of the main STED setup. The LEDs are placed on a translation stage 

which makes it easy to couple the light into a fiber. Different fibres carry the beams onto the 

main optical table. Each beam passes separately through a narrow aperture and is collimated 

using lens with a short focal length, then filtered with a filter (BP4). In order to allow greater 

flexibility for collimation the aperture, lens, and filter are all arranged in an optical cage 

system. Both beams are then spatially aligned with a dichroic mirror (D10) and pass through a 

100 mm achromat lens to focus onto the backfocal plane of the objective. The emission light 

is separated from the excitation with a quadband dichroic mirror (D11). The emission light is 

then focused by a 150 mm achromat lens and passes through a quadband emission filter (EF3) 

on to the detector camera (Zyla sCMOS 4.2, Andor Technology, UK). With a light source 

mounted over the sample stage brightfield images can also be acquired using the detection 

system of the widefield setup. The camera offers a pixel raster of 2048 X 2048 with pixel size 

of 6.5 µm on the camera chip.  A maximum circular field of view, with the current optical 

arrangement, of approximately 150 µm diameter and a pixel size of 150.931 nm was 

determined by using calibration scale. In a trial measurement immunolabelled HEK293 cells 

were imaged with all different acquisition mode (widefield, confocal and STED) available in 

the setup and the changing resolution can be compared (Figure 4.4.2).  

4.4.4. Spectral range for dual-colour imaging 

In a STED setup implemented with simultaneous dual-channel imaging, care has to be taken 

to select the wavelength of the emission/depletion beams with the aim of avoiding cross-talk 

between channels. Cross-talk is signal from the dye of one channel mistakenly measured by 

the second channel detector. As for efficient stimulated emission depletion the STED beams 

need to have high power (Equation 4.4.2), activation of dyes even at the far end of the 

absorption spectrum becomes inevitable. Thus, it is important to have depletion beams in the 

far-red end of the visible spectrum distant from the emission spectrum of the dyes, to avoid 

accidentally excitation.  

The excitation wavelengths have to be smaller than the red-spectrum so as to allow sufficient 

maneuvering room for depletion wavelength selection. Based on previous dual-colour setup 

experiments the above criterium was satisfied by selecting the excitation wavelengths of 568 

nm and 647 nm (Meyer et al., 2008; Dominik Wildanger et al., 2008). An additional advantage 

of selecting higher wavelengths for depletion beams is evading autofluorescence and 

scattering in biological samples (see Section 2.4.2) which is normally reduced at red end of the 

visible spectrum. Based on the wavelength of the excitation & depletion beams the dye pair 

of Atto 594 and Atto 647N was judged to be suitable for dual-colour STED microscopy (Figure 

4.4.3). The STED beam wavelengths should also be selected to coincide with the emission 
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maximum of the dye in order to increase the depletion efficiency. All the above criterium was 

satisfied by selecting depletion wavelengths of 710 nm and 720 nm respectively. Other dyes 

in the similar spectral wavelength like TAMRA & Cy3B for channel-1 and Alexa 647 for channel-

2 have also being used for various projects. 

 

Figure 4.4.3: Spectra of beams, dyes and optical components used in the STED setup. The exemplary 
absorption and emission range of the dyes (Atto 594 and Atto 647N) primarily used in the STED setup 
was obtained from manufacturer (Atto-Tec, Germany) specifications. The spectral range of the 
emission filters (EF- 1 & 2) are as specified by the manufacturer (AHF Analysentechik, Germany). The 
optimal spectrum of excitation beams and STED depletion beams are also shown. 

4.4.5. Photophysical consideration for fluorophores 

The photophysical properties of fluorophores used in STED imaging can also be selected to 

have higher photostability and lower proclivity for excitation to higher electronic states. It also 

derives from Equation 4.4.2. that fluorophore with a low Isat threshold and hence, higher 

stimulated emission cross-section would allow a higher resolution. Furthermore, as fewer 

fluorophores are allowed to emit from a smaller excitation volume in the STED process, it is 

advisable to use fluorophores with higher quantum yield to get an adequate SNR. 

Furthermore, high resolution imaging requires a smaller pixel size and larger pixel dwell time, 
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consecutively increasing the bleaching phenomenon (Chérea et al., 2015). Thus, photostable 

and bright dyes are optimal for stimulated emission depletion in STED microscopy. Dyes from 

the carborhodamine family like Atto have been found to be most suitable for this process 

(Chozinski et al., 2014; Sednev et al., 2015). The trials with cyanine dye Alexa 647, for example, 

showed a very high rate of bleaching during STED images and the acquired photon counts 

were not sufficient for high resolution images. Though the research investigating the 

suitability of Alexa 647 for STED is not extensive, it has been suggested that cyanine dyes are 

susceptible to forming highly reactive singlet oxygen species in absence of a redox buffer 

which lead to fast bleaching (Karlsson et al., 2019) Hence, most of the experiments conducted 

in this thesis with STED microscopy use the Atto 594 and 647N dyes. 

4.4.6. Sample preparation 

Various types of biological materials (cells, tissue, bacterial cells etc.) were imaged using the 

STED microscopy setup. The general protocols of preparing and labelling samples are detailed 

in Chapter 3. Before mounting samples for STED imaging, the coverslips were washed for 2 

min in ddH2O and the excessive water was removed by gently tapping the coverslip edge on a 

tissue. The cell sample were then immediately embedded in a mounting medium and sealed 

onto a cleaned glass slide with nail polish and then stored at 4 °C till required for STED imaging.  

On the other hand, after immunolabelling tissue section, samples were stored in PBS or 

cryoprotectant solution and were mounted directly before imaging. For mounting, the tissue 

sections were cleaned briefly with ddH2O and the excessive water was removed by immersing 

the sections in the mounting medium before transferring them to the glass slide. The 

mounting media was then pipetted on the sample and a coverslip was placed on top, with care 

taken to avoid trapping bubbles between the two glass surfaces. The sample was then sealed 

with nail polish. 

Various mounting medium like 2,2’thiodiethanol (TDE; Sigma-Aldrich, Germany), Vectashield 

and ProLong Gold Antifade Mountant (P10144, Invitrogen) have been previously reported to 

be compatible with STED imaging (Takasaki et al., 2013; Turkowyd et al., 2016). However, TDE 

diluted 97% in PBS, pH 7.8 proved to be the most compatible with the samples used in this 

thesis and was the preferred embedding medium. If TDE concentrations vary in any imaging 

experiments they are mentioned in the respective project. Additional details about the 

advantage of TDE as a mounting medium are discussed in Section 7.1. 

4.4.7. Image acquisition 

In this part the protocol and the important factors to be considered for acquiring a STED image 

are detailed. As compared to the widefield SMLM setups, sample drift by itself is not a huge 

consideration. This is due the scanning acquisition methodology used for confocal imaging, 

which makes drift between successively scanned pixels negligible. However, the STED setup 

contains several beams controlled by various optical/mechanical components which need to 

be precisely aligned with each other in order to maintain high resolution. Additionally, dual-

channel alignment is necessary for colocalization studies. To this end the setup needs frequent 

alignment of its optical components to optimize imaging efficiency. Some optical alignments 
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are crucial and need to be checked every few hours during setup usage. While alignments of 

some stable components need correction with lesser frequency. Specifics about setup 

alignment are detailed in Appendix B.2.  

As shown in Figure 4.4.3 it is possible for STED-1 depletion beam to activate fluorophores used 

in channel-2, causing possible spectral cross-talk during simultaneous detection. Similar cross-

talk can also occur with dye used in channel-1, albeit to a lesser extent due to the larger 

separation in the spectral ranges. The problem is exacerbated by the high power of the STED 

beams required for optimal stimulated emission depletion. To avoid this problem a delay 

between the two channels was introduced on our STED setup. Larger lengths of the optical 

fiber used for channel-2 beams, as compared to channel-1, caused a delay of about ~ 90 ns 

between the two pulses. Additionally, an electronic gating device synchronized to the trigger 

output of the laser had been implemented in the setup. This could be utilized by the user to 

define a detection window during dual-colour measurement. Pulses arriving outside the 

specified time window are rejected and hence, cross-talk signal from the other channel can be 

avoided. 

 

 

Figure 4.4.4: Improved resolution using STED-XY depletion beams. A XZ-scan of a Atto 647N dye 
attached to antibody acquired first with (A) confocal and then (B) STED-XY technique. The lateral 
resolution can be approximated by the FWHM (about 39 nm) of the intensity profile measured along 
the dotted white line. Raw data values are shown by black or red dots in (A) and (B) repectively. Scale 
bar represents 500 nm. 

Another, cross-talk problem can be caused by having one fluorophore be ‘brighter’ for one 

channel than the other ‘dimmer’ one used for the second channel, based on their 

photophysical properties. A similar bright-dim effect can also arise if the concentration of both 

the fluorophore differ vastly and wherein higher intensity of the excitation beam might be 

needed to excite one channel affecting the measurements of the second channel (Zimmerman 

2013). Hence, before measuring a new type of sample, care was taken not to increase the 

excitation power of one channel disproportionately.   

After setup alignment, samples were placed in the sample holder and the focus was adjusted 

using the coarse Z-focus screw. Samples were then left undisturbed for atleast 10 mins in order 

to stabilize any drift introduced by the user. Using the widefield pathway the sample was 
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scanned and the appropriate ROI was detected. The setup was changed to confocal imaging 

mode and after adjusting the excitation beam power a confocal image of the ROI was first 

recorded. The power for excitation beams was adjusted as required based on sample and 

labelling density, however on average it was < 1 µW. The STED-XY laser were switched on and 

a STED image with a high lateral super-resolution was acquired. For the STED-XY depletion 

beam the power was adjusted between 1.8 – 2 mW. The resolution of the optimally adjusted 

setup at 1.8 mW for Atto 647N dye is shown in Figure 4.4.4. As compared to confocal the STED-

XY imaging shows a vastly improved resolution of 39.5 ± 3.8 nm.  

 

 

Figure 4.4.5: Improved resolution using STED-XYZ depletion beams. (A) The center (yellow dotted line) 
of the PSF of Atto 647N dye has to line up with the focal plane (green dotted line) so as to align with 
the minima of the STED-Z depletion pattern and achieve optimal axial resolution. (B) Improved 
resolution in both axial and lateral direction is attained for the Atto 647N dye by using the STED-XY & 
-Z depletion beams. Intensity profile of the region highlighted with the white box (100 nm width and 
400 nm length) shows a FWHM of approximately 101 nm along the z-axis. Raw data values are shown 
as red dots. Scale bars represent 500 nm. 

In order to obtain optimal axial resolution using the STED-Z depletion beams it is imperative 

to adjust the labelled object perfectly in the focal plane to align with the minima of the STED-

Z donut. This was done by scanning the sample in xz- or yz- plane and adjusting the focus as 

required; an example would be to adjust the object shown in Figure 4.4.5 A to the green dotted 

line (scan plane). Finally, the STED-XY and STED-Z depletion beam were switched on to obtain 

a STED image with sub-diffraction lateral and axial resolution. An average power of 1.4 mW 

was used for STED-Z depletion beams giving an axial resolution of approximately 101.5 ± 14.4 

nm (Figure 4.4.5 B).  

Unless mentioned otherwise STED images were always acquired with pixel dwell time of 400 

µs and with pixel size of 20 nm. The image acquisition process works by raster scanning the 

sample and assigning each pixel with the correspondingly detected photon signal in the final 

displayed image.  Acquired images were stored in a 16-bit tagged image file format (*.tif file). 
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4.4.8. Image analysis 

STED images were processed using the ImageJ program (Schneider et al., 2012). Images were 

first adjusted for  brightness and contrast (ImageJ Image→ Adjust→ Brightness/Contrast), with 

care been taken to process comparative images with similar count values. Next for better 

visualization of images, they were processed with a linear gaussian filter function (ImageJ 

Process→ Filter→ Gaussian Blur). The linear filtering is useful to suppress background noise 

generally manifesting in super-resolution images as single pixel with local maxima. The 

smoothing effect of the Gaussian filter is weighted with decreasing influence of pixel the 

further away they are from the center. The sigma value utilized for this filter is determined by 

a gaussian function with the value depending on resolution of the microscope. For all the STED 

and corresponding confocal images included in this thesis, unless mentioned otherwise, a 

Gaussian blur of σ = 16 nm was applied. However, raw images without any (contrast/blur) 

post-processing have been used for all the data analysis conducted using STED images. 

Automatic thresholding 

The high resolution of STED images makes it possible to measure correctly different properties 

of objects like size and shape. It is also possible to distinguish individual clusters in densely 

labelled samples, which is generally not possible in diffraction limited imaging. In order to 

extract this information from the STED images first individual labelled molecules or clusters 

have to be identified and separated from the background. The best way to isolate an object 

from the background is to apply thresholding based on the grey value of individual pixels. All 

the pixels with value below the threshold can be excluded and the remaining can be identified 

as objects of interest. The selection of the thresholding technique is very important as an 

excessively high value would lead to loss of information while a low threshold could identify 

background falsely as structure. An optimal threshold limit should be fine enough to segregate 

close lying objects and not connect the two objects as one. One of the easiest way is to 

manually define a threshold value depending on the desired parameters of the object. As all 

images in a project were imaged using the same parameters (labelling, sample mounting, 

excitation/depletion intensity and pixel dwell time), it was feasible to use manual thresholding 

when comparing images from different replicate samples. However, the biological variations 

introduced in the samples, especially when using primary cultures, have to be taken into 

account and an automatic thresholding function is preferred so as to have unbiased analysis 

of images. The automatic thresholding used an ‘Isodata’ algorithm based on an iterative 

selection method which improves the threshold value with each iteration till an optimal point 

is attained (Ridler & Calvard, 1978). Images are initially divided into ‘object’ and ‘background’ 

based on an approximate thresholding value, the average gray value of these two segregations 

is then computed to give a new threshold. The image is then processed similarly again with 

the new threshold value and the process is repeated till a stable threshold is achieved. In order 

to avoid over or erroneous segmentation due to noise, the images were always treated with 

a denoising filter before applying thresholding. A mean filter (ImageJ Process→ Smooth) which 

averages intensity in a 3x3 pixel region was applied. Analysis showed that implementing the 

denoising filter did not cause loss of any structural information. A rolling ball algorithm with a 

user defined radius can also be additionally applied to reduce the background. The final 
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outcome of the thresholding process generates a white object against a black background. The 

objects can then be converted to binary masks and stored as individual ROIs making it easy to 

access them for further analysis. The area and circumference/perimeter of these objects were 

determined (ImageJ Process→ Analyze→ Analyze Particles) for the raw image using the mask 

ROIs in ImageJ. The processing steps performed to generate ROIs corresponding to endosomes 

labelled with anti-EEA1, are shown as an example in Figure 4.4.6 A. 

 

 

Figure 4.4.6: Automatic thresholding of objects or protein clusters in STED images. (A) STED-XY image 
of EEA1 labelled endosomes in macrophage cells. Representative images are shown at all stages of 
processing. Background correction with 50 pixel rolling ball filter; images smoothed using mean 
filtering, applying Isodata thresholding algorithm and masks generation by removal of pixels below the 
threshold value. Finally each object (endosome) was stored as ROI for further analysis. (B) 
Representative STED-XY images of the tubulin related protein TUBA4A in HEK cell. After thresholding, 
application of watershed segmentation algorithm is able to separate merged objects into individual 
protein clusters. Scale bar represents 500 nm. 

While thresholding STED images where labelled objects are located extremely close and are 

touching an additional processing step was implemented to automatically segment any such 

structures. The segmentation method used is based on a flooding watershed algorithm 

(Vincent et al., 1991) integrated in ImageJ (ImageJ Process→ Binary→ Watershed) and used 

on binary images. The algorithm locates the center point of each binary object and searches 

out from that point in every direction till another similar structure is encountered, where the 

segmentation line is drawn. However, this technique is not effective when implemented on 

overlapping objects and was used for analysis only in images where objects were known to be 

organized disjointedly. For example in one of the projects described below (Section 5.4) 

watershed segmentation was used to separate protein clusters located in an organized 

manner on a cytoskeleton structure (Figure 4.4.6 B). But segmentation was not used when 

analysing endosomal structures (Section 6.3) which could show spatial overlapping. 
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4.5. Comparison of imaging techniques 

 

 

Figure 4.5.1: Schematics of various super-resolution techniques. (A) A cartoon of assumed ground 
truth data  labelled with a dye-conjugated single antibody is shown. The various ways in which different 
super-resolution optical imaging techniques like confocal (B), STED-XY (C), STED-Z (D), dSTORM (E) and 
DNA-PAINT (F) would measure and analyses the ground truth data is depicted in an over-simplified 
schematics. PSF = point spread function; FOV = field-of-view. 

An overview of the three super-resolution technique described above is given in Figure 4.5.1. 

The various super-resolutions techniques available to image biological samples with sub-
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diffraction resolution come with their own set of advantages and shortcomings. Depending on 

the experimental requirement a suitable technique can be chosen. In Table 4.1 a comparison 

of the various super-resolution imaging techniques described above is given based on several 

experimental and sample parameters. However, it has to be noted that the constraints listed 

here are pertinent specifically to the setups detailed in Chapter 4 and it is very well possible 

that solutions to overcome some of the shortcomings listed here are already available with 

new studies. An excellent overview is given by Jacquemet et al., comparing the experimental 

requirements of STED and SMLM techniques as applied to biological samples (Jacquemet et 

al., 2020). 

Table 4.1 : Comparison of experimental requirements and capabilities of super-resolution imaging 
conducted using the setups and methodology described in this thesis. 

Criteria 
Techniques 

STED dSTORM Exchange-PAINT 

Axial resolution 
for 

immunolabelled 
biological 

samples 

About 35-45 nm 
depending on STED 
donut quality 

About 10-20 nm, 
depends on the 
number of photons 
collected and size of 
the probe 

About 10-20 nm, 
depends on the 
number of frames 
imaged and size of 
the probe 

Speed of 
imaging 

Comparatively faster  Slower than STED for 2-
colour imaging 

Lengthy process 

Post-processing 
requirement 

Not required Essential, duration of 
processing depends on 
the fitting algorithm 
and filtering 
parameters used  

Essential 

Detection Scanning confocal 
mode; difficult to 
scroll quickly through 
the sample to detect 
a suitable ROI 

Widefield mode; quick 
scrolling through the 
sample possible 

Widefield mode; but 
as labelled probes are 
diffusing through the 
sample it is difficult to 
get a preview of the 
labelling quality and 
arrangement of the 
target biomolecule  

Setup 
complexity  

Setup requires 
extensive daily 
maintenance 

Relatively simple Added components 
required to exchange 
imaging buffers 

Fluorophore 
Bleaching 

Medium bleaching, 
possible to image the 
same location twice 
but with lowered 
quality (Saka, 2014) 

High bleaching, 
impossible to measure 
the same ROI more 
than once  

Theoretically 
unlimited 
fluorophores are 
available, so almost 
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unlimited imaging 
capacity 

Fluorophores 
Choices  

Restricted due to 
requirement of 
specific photophysical 
properties 

Broader choice 
available than STED. 
But the dye pairing for 
dual-colour imaging is 
bound to the 
properties of the 
imaging buffer  

Broad selection of 
dyes as no specific 
photophysical 
requirements of the 
technique 

Cross-talk 
between 
imaging 

channels 

Can be a problem in 
this particular setup 
due to close spectral 
ranges of the two 
channel. Time-gated 
detection and 
optimized sample 
preparation can help 
avoid cross-talk (see 
Section 4.4.4) 

As the two channels 
implemented in the 
described setup show 
sufficient spectral 
separation cross-talk 
can be avoided. 
Selection of 
fluorophores however, 
needs to be optimized 
(Dempsey et al., 2011).  

Best method to avoid 
cross-talk. As imagers 
strands labelled with 
fluorophores are 
introduced into the 
sample successively 
this method is 
effectively free of 
cross-talk between 
fluorophores. 
Additionally distinct 
sequences of the 
docking DNA strands 
prevents false binding 
of the imager strands 
(Jungmann et al., 
2014) 

Sample 
thickness 

Thick samples e.g. 
tissue sections, are 
easily measured due 
to optical sectioning 
of confocal imaging. 
Limitations arise due 
to sample 
preparation as it is 
difficult for fixation 
buffers and antibody 
solutions to diffuse 
deep into tissue 

Illumination mode can 
be adjusted to 
measure deeper into 
the sample (for a few 
μm above surface), but 
imaging region is 
consequently 
contracted 

Protocol adjustments 
required to optimize 
diffusion of Imager 
strands in thick 
samples (Jungmann et 
al., 2016) 

Multiplexing 
capacity 

Two colour imaging 
possible. On the 
setup described 
above a third colour 
can be acquired in 
widefield diffraction 

Two colour imaging 
possible. Additional 
colour can be acquired 
in diffraction limited 
mode and can be later 
overlaid onto the 

Theoretically 
unlimited 
multiplexing possible. 
Restriction comes 
based on the variety 
of host animals 
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limited mode and can 
be overlaid onto the 
STED images,  

reconstructed super-
resolution images, on 
the setup described 
above 

available for 
generating primary 
antibodies (if using 
the paired 
immunolabelling 
technique) 

Sample stability Very stable Delicately attached 
samples like 
motoneurons or 
bacterial cells can be 
dislodged during the 
long measurement 
period 

Same as dSTORM 

Sample storage 
and reusability 

Samples are 
embedded in a stable 
anti-fading mounting 
medium and can be 
stored for several 
days. The same 
sample can be reused 
multiple times 
depending on the 
labelling 

Samples need to be 
freshly mounted and 
sealed in imaging 
buffer. Can be imaged 
for a limited duration 
and cannot be reused. 

Samples can be safely 
detached from the 
coverslip and can be 
stored in PBS for 
reuse. However, not 
recommended if high 
quality images are 
desired. 

User skill The STED technique 
requires expertise in 
setup alignment, 
however the actual 
image acquisition 
requires minimum 
involvement 

The imaging procedure 
requires extensive user 
involvement as the 
activation laser 
intensity has to be 
controlled in order to 
ensure stochastic 
blinking (Tam & 
Merino, 2015) 

User involvement 
during imaging is 
minimal. However, 
expertise required for 
sample preparation. 

 

In the next sections I will describe several projects which utilized super-resolution microscopy 

to address biological questions. The advantages of using sub-diffraction level imaging as 

opposed to conventional microscopy and the reasoning behind preferring a specific super-

resolution technique over others are detailed in the respective project discussions. 
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5. Super-resolution microscopy applied in the study of the neuro-

degenerative disease: Amyotrophic lateral sclerosis 

5.1. Background 

The neurologist Jena-Martin Charcot, who first described the neurodegenerative disorder 

amyotrophic lateral sclerosis (ALS) in 1874, quoted in a lecture “Let us keep searching. It is 

indeed the best method of finding and perhaps thanks to our efforts, the verdict we will give 

such a [ALS] patient tomorrow will not be the same we must give this man [ALS patient] today” 

(Goetz, 2000). Today almost 140 years later, though unfortunately the ALS diagnosis is still 

fatal, the research into disease pathogenesis has progressed a long way. The ALS research has 

most certainly been aided by development in labelling and imaging techniques (Ling, 2018). In 

this project super-resolution microscopy was applied to study proteins and pathways involved 

in ALS disease. This study broadens the imaging based research into ALS by employing novel 

super-resolution techniques.  

The research in the first project focuses on fused in sarcoma (FUS), an RNA-binding protein 

which shows cytoplasmic accumulation in the motoneurons of certain ALS patients. In this 

project I utilized cluster analysis on dSTORM imaging data to compare FUS distribution within 

diseased and healthy motoneuron cells derived from human induced pluripotent stem cells 

(hiPSC). In the next part of the project I used Exchange-PAINT based multiplexed imaging and 

dSTORM to resolve the organization of FUS and other synaptic proteins within the synapse of 

rat derived motoneurons, at a sub-diffraction resolution. I also checked if the localization 

pattern of these synaptic proteins varied during the course of motoneuron maturation 

(Deshpande et al., 2019). In the second ALS related project I used STED microscopy data to 

study the epigenetic connections between two proteins tubulin-folding cofactor b (TBCB) and 

tubulin alpha-4A isoform (TUBA4A); both of these proteins are implicated in patients suffering 

from different subtypes of ALS (Helferich et al., 2018). 

In order to understand the neurobiological terms used in this section a brief introduction is 

given first. 

Motoneuron anatomy 

A characteristic motoneuron structure includes a soma (nucleus and cytoplasm), neuronal 

processes (a single axon branched at the distal end and several dendrites) and synapses mainly 

located along the neuronal processes (Figure 5.1.1). A synapse is typically divided into a pre-

synapse (also called the axonal terminal or axonal compartment) located on the axon and the 

post-synapse (also called dendritic compartment or dendritic spine) on the dendrite of 

another downstream neuron.  

A cytoplasmic discontinuity separates the pre-synapse from the post-synapse and is termed 

the synaptic cleft (Zuber et al., 2005). Sensory signals, RNAs, and proteins can be transported 

across the synaptic cleft by various mechanisms. Along the membrane of the post-synapse the 

electron-dense post synaptic density (PSD) region is located where PSD-95 and Homer1 are 

localized, amongst many other scaffolding proteins. While in the axonal terminal the pre-
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synaptic active zone (PAZ) is also an electron-dense area where scaffolding proteins, like 

Bassoon, are localized (Dani et al., 2010). A line connecting the PAZ to the PSD would lie 

perpendicular to the synaptic gap and is termed here as trans-synaptic axis. 

Neuropathology of ALS 

ALS is a neurodegenerative disorder characterized by the gradual wasting of motoneurons 

leading to muscle denervation and atrophy, resulting in paralysis and eventually death due to 

respiratory failure. The disease name in itself defines the muscle atrophy (amyotrophic) along 

with scarring (sclerosis) in the lateral region of the spinal cord, observed in patient pathology 

(Pasinelli & Brown, 2006). 

 

 

Figure 5.1.1: Graphical representation of a typical motoneuronal cell. The synapse is formed at the 
cell-cell junction between the axon and the dendrite of two separate neurons. The axonal terminal is 
termed the pre-synapse and contains the pre-synaptic active zone (PAZ). The dendritic protrusion is 
termed the post-synapse and contains the electron rich post-synaptic density. The cytoplasmic 
separation between the pre- and post-synapse, perpendicular to the imaginary trans-synaptic axis, is 
termed the synaptic cleft and has an average width of 20 nm. 

The disease prognosis is invariably fatal within a few years of diagnosis and treatment with 

Riluzole, the only drug currently prescribed against ALS, manages to prolong life just by few 

months (Bursch et al., 2019; Hardiman et al., 2017). Also referred to as Lou Gehrig’s or 

Charcot’s disease, it is predicted to affect about 15 million people worldwide (Taylor et al., 

2016). Majority of ALS cases are sporadic and generally seem to occurs in adults above 50 
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years of age (J. Ravits et al., 2013; Yasuda & Mili, 2016). However, about 10% of cases are 

inherited and are classified as familial ALS (fALS). 

 

 

Figure 5.1.2: Outline of motoneuronal organization. The cartoon shows an upper motoneurons 
(depicted here in green) which originates from the motor cortex of the brain. The lower motoneurons 
(here in blue) starts downstream of the upper motoneuron and is connected to various skeletal 
muscles. 

ALS pathology involves degradation of both the corticospinal upper motoneurons (UMN) 

which generate from the brain motor cortex, and lower motor neurons (LMN) projecting from 

spine to the skeletal muscles (Figure 5.1.2). A common hallmark of the disease is accumulation 

of ubiquitous protein deposits, referred to as inclusions, mainly in the cytoplasm of the 

affected neurons. Involvement of RNA-binding proteins (RBPs) in ALS was first suspected with 

the detection of TAR-DNA binding protein 43 (TDP-43) as a part of these cytoplasmic inclusions 

in many disease cases (Arai et al., 2006; Neumann et al., 2006). Subsequently, in 2009 another 

forms of ALS pathology were identified where protein fused in sarcoma/ translocated in 

liposarcoma (FUS/TLS; annotated hereafter as FUS), a RBP closely related to TDP-43, showed 

similar abnormal cytoplasmic accumulation (Kwiatkowski et al., 2009; Vance et al., 2009). 

These two proteins account for inclusions in 90% of reported ALS cases outlining their 

importance in disease pathology and shifting focus to defects in RNA metabolism as a major 

contributing cause to ALS (Ling, 2018).  

Some other protein involved in ALS are superoxide dismutase 1 (SOD1), optineurin, C9ORF72 

and several other genes are found to be mutated in rare instances. Considering the varied 

protein mutations independently implicated in ALS, it is strange how diverse changes in 

different genes can lead to similar clinical phenotypes and symptoms. This makes it interesting 

to study the characteristics of the protein encoded by these gene, if they have downstream 

interactions, converging functions, and importantly where they are located and propagated in 

the affected cells. 

Another type of neurodegenerative disorder - frontal temporal dementia (FTD) shares several 

clinical and pathological symptoms with ALS. However, in FTD degeneration of neurons is 
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mainly observed in the frontal and temporal lobes of the brain. FTD disease onset is 

characterized by memory loss, language impairment along with observed behavioural and 

character changes. After Alzheimer’s disease, it is the most common cause of dementia. FTD 

shows a stronger dependence on genetics with about 50% of cases showing a familial history 

(Ling et al., 2013). These two seemingly distinct disease were suspected to be linked when in 

certain ALS cases personality changes were observed (Lomen-Hoerth et al., 2003; Neumann 

et al., 2006). About 15-20% of ALS patient display an additional cognitive impairment 

consistent with FTD and a similar percentage of FTD patient develop muscle paralysis (Hock & 

Polymenidou, 2016; Ng et al., 2015). Pathologically the two diseases are linked as, similar to 

ALS, cytoplasmic protein aggregation of RBPs are present in FTD patients. Hence, FTD and ALS 

are thought to be part of the same clinico-pathological disease spectrum, generating interest 

in their underlying common proteinopathy. 

FUS protein and cellular localization 

FUS is a multifunctional nucleic acid binding protein that shows ubiquitous expression in most 

tissues. It belongs to the FET (FUS, EWS, TAF15) family, a highly conserved protein family which 

has functional involvement at all stages of gene expression (Sama et al., 2014). In humans, FUS 

is a 526 amino acid protein with an N-terminal end consisting of a prion-like stretch of low 

complexity (LC) domain enriched in glutamine, glycine, serine, and tyrosine residues 

(Q/G/S/Y). This is followed by a glycine rich area in the center. The C-terminal portion contains 

an RNA recognition motif, an arginine-/glycine-rich (RGG) domain, a zinc-finger motif and ends 

with a nuclear localization signal (NLS) (Jacob C. Schwartz et al., 2015; Shang & Huang, 2016). 

FUS is ubiquitously expressed in most tissue where it is mainly localized in the nucleus but also 

shows nucleocytoplasmic shuttling (Zinszner et al., 1997). Neuronal cells show additional FUS 

localization in neurites and at the synapses (Belly et al., 2005; Fujii et al., 2005; Schoen et al., 

2016).  

Function of FUS 

FUS binds to single/double stranded DNA and also to single stranded RNA. Similar to most 

proteins in the FET family it shows various functions throughout the gene expression process 

and in maintaining genome integrity. FUS directly binds to RNA polymerase II and III and 

regulates transcriptional activity of several genes (J. C. Schwartz et al., 2012). It can also 

regulate transcription by binding directly to single stranded DNA in the promoter region of 

genes involved in varied cellular processes (Sama et al., 2014). Additional interaction with DNA 

involves a rapid recruitment of FUS to the site of DNA damage, indicating important role in 

DNA damage response (Higelin et al., 2018; Qiu et al., 2014). Both the homologous 

recombination and the alternative, nonhomologous end joining pathway of DNA repair has 

shown to involve FUS participation (W.-Y. Wang et al., 2013). FUS further shows binding to 

RNA sequences and has an active role in translation regulation. Most FUS-RNA interaction is 

found with nascent RNA, where FUS binds specifically in long intron region indicating a role in 

splicing (Ishigaki et al., 2012). In neuronal cells, FUS is bound to the pre-mRNA of several 

proteins involved in neurodevelopment and a role in alternative splicing has been reported 

(Ishigaki et al., 2012; Lagier-Tourenne et al., 2012; Rogelj et al., 2012). FUS further is also 
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involved in microRNA (miRNA) biogenesis, suggesting a role in translation repression (De 

Santis et al., 2017). FUS has been identified in as a constituent of transport Ribonucleoprotein 

(RNP) granules (Protter & Parker, 2016; Qamar et al., 2018; Yasuda & Mili, 2016). RNP granules 

are formed by spontaneous coupling of several RBPs and their target mRNAs. RNPs containing 

additional translational components can carry RNA’s along with RBPs to extra-somatic 

locations in neurons. These granules have been implicated in supporting the transport of 

mRNA along with FUS to extranuclear sites. Most of the extranuclear shuttling of FUS in normal 

conditions in neurons is suspected to be involved in mRNA transport (Fujii & Takumi, 2005; 

Sephton & Yu, 2015). 

Given its involvement at various stages in regulation of gene expression and protein synthesis, 

it is expected that FUS is involved in cellular stress response machinery. Stress granules (SGs) 

are membraneless RNP granules composed of mRNA and several types of RBP. They are 

dynamically formed due to cellular stresses in the cytoplasm and are additionally observed 

along the neurites (Higelin et al., 2016; Protter & Parker, 2016). The fate of the mRNA in SGs 

can be potentially regulated within these complexes possibly to express the specific proteins 

needed to counteract cellular stress and achieve homeostasis. Studies have shown FUS 

association with stress granules (SG) in response to induced stress. However, in case of certain 

mutant FUS (mFUS) proteins an increase in SG formation is seen with or without additional 

stress, indicating a role in ALS disease (Gao et al., 2017). 

Neuronal and synaptic functions of FUS 

In neurons, apart from the nucleus, FUS is additionally located along neuronal processes and 

at synapses where it has several specific functions. In dendrites FUS facilitates RNA granule 

transport along dendrites, as FUS is known to form RNP complexes with microtubule-

associated kinesin motor protein (Kanai et al., 2004; Yoshimura et al., 2006). It is also 

putatively involved in regulating axonal transport, which can be judged by disruption of this 

transport being a common disease mechanism in ALS (Baldwin et al., 2016; W. Guo et al., 

2017). In association with adenomatous polyposis coli (APC) protein it is known to regulate 

microtubule growth and organization in axons (Yasuda & Mili, 2016).  

At the synapse FUS has been localized to the pre-synaptic axonal compartment by super-

resolution imaging in rat derived hippocampal neurons (Schoen et al., 2016). On the other 

hand FUS has been reported to be present at the dendritic spine compartment in association 

with PSD by other publications (N. Aoki et al., 2012; Fujii et al., 2005; Imperatore et al., 2020; 

Zhang et al., 2012). At the synapses FUS is involved in dendritic maturation and post-synaptic 

arbor formation (Sephton & Yu, 2015). The mRNA of SynGAP α2 and ELAV4, proteins critically 

involved in dendritogenesis, are controlled by FUS in motor and hippocampal neurons (De 

Santis et al., 2017, 2019; Yokoi et al., 2017). Further, FUS shows several functions in regulating 

transmission and controlling plasticity. For example, FUS is involved in multiple steps 

regulating the expression of glutamate receptor associated proteins, consecutively affecting 

synaptic transmission (Sproviero et al., 2018; Udagawa et al., 2015).  

Another important neuron specific function that FUS is involved in is local translation control 

in axons and dendrites (Fujii et al., 2005; Kanai et al., 2004; Schoen et al., 2016; Yoshimura et 
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al., 2006). The long held view that the central dogma (of DNA to RNA to protein) occurred only 

in the cell nucleus and soma, had to be modified upon discovery of RNA transcripts and 

translation machinery in the neuronal processes (Glock et al., 2017; Holt & Schuman, 2013; 

Khalil et al., 2018). Local translation in the neurons can provide autonomous control and quick 

response independent of soma and is required to meet synaptic demands. FUS, which is 

involved in somatic translational control, has been long suspected of similarly controlling 

translation at other neuronal locations. FUS mediated local translation away from the cellular 

nucleus was proven by Yasuda et al., when they showed translationally active APC-associated 

granules containing FUS localized at cellular protrusions (Yasuda et al., 2013). Therefore, along 

with the role of FUS in mRNA transport, its involvement in local translation can explain the 

additional extra-nuclear localization of FUS observed in neurons.  

Proteinopathy of FUS 

Considering the above mentioned importance in several vital neuronal activities it is 

predictable that variation in expression or mutation of FUS can have extensive consequences. 

Most of the ALS-associated mutations of FUS occur in the prion-like LC region of the protein, 

the RGG domain, or in the NLS sequence (Ling et al., 2013; Mackenzie et al., 2010; Shang & 

Huang, 2016). The LC domain is known to self-assemble, while the RGG-domain has been 

implicated in stress granule formation.  Hence, a mutation in either of the regions could 

facilitate the protein aggregation observed in patients. Alternatively, mutation in the NLS 

region disrupts the cytoplasmic shuttling of FUS, causing protein mislocalization in the 

cytoplasm which then eventually could lead to aggregation. Cytoplasmic accumulation of 

mutated FUS, also of non-mutated FUS in some cases, point to the abnormal localization of 

FUS being a prevalent occurrence in motoneurons of FUS associated ALS cases. Recently, 

cytoplasmic FUS mislocalization has been suggested to be common in majority of ALS cases 

(not just the cases presenting with FUS inclusions) and the mislocalization is reported in early 

disease stage, even before TDP-43 aggregations, enhancing the importance of FUS study in a 

ALS context (Tyzack et al., 2019). Also, though FUS and TDP43 proteinopathy suggests a 

comparable effect on mechanisms leading to neurodegeneration, FUS shows a more 

aggressive progression. 

Effects of FUS depletion or mutations on neurons 

Several publications outline the effects of FUS knock-down, depletion, overexpression or 

mutation in neurons utilizing different ALS model systems. At the somatic level ALS related 

FUS mutation shows hampered DNA damage response (Higelin et al., 2018; W.-Y. Wang et al., 

2013) and a general loss of translational control (Sephton et al., 2014). A reduction of the 

neurite lengths was observed in cortical neurons and hiPSC derived motoneurons in presence 

of mFUS (Ichiyanagi et al., 2016; Ishigaki et al., 2017). Axonal transport defects have generally 

being observed in in hiPSC cells with mFUS (W. Guo et al., 2017). In rodent models mFUS alters 

dendritic branching and reduces arborization. Expression of mutated human FUS in mice 

causes a reduction in the total number of dendritic spine for both cortical and motor neurons 

(Herms & Dorostkar, 2016; Sephton et al., 2014). Transcriptome analysis showed significant 

alterations in miRNAs in motoneuron cells harbouring FUS mutation (Verheijen & Pasterkamp, 
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2017; Yokoi et al., 2017). De Santis et al. further reported decrease in miRNA-375, which is 

specifically involved in motoneuron survival, in presence of mFUS (De Santis et al., 2017). 

Further, downstream targets of miRNA-375, ELAVL4 and SynGAP which play vital roles in 

synaptic functions, were also deregulated. Mutated FUS protein shows association with stress 

granules and are suspected to actively induce their formation. While under hyperosmolar 

stress, increased number of mFUS positive stress granules have been observed along dendrites 

in hiPSC cells (Higelin et al., 2016). 

Model systems in FUS research 

It is well accepted by now that FUS shows extra-nuclear distribution in neurons, with location 

observed along axons, dendrites and in synapses. However, a point to consider when studying 

FUS in an ALS context is the model system used. While studies conducted in different animal 

models (mouse, rat, drosophila, C. elegans) have important contributions in our 

understanding of the disease, the translation to human pathology has inconsistencies (Ratti & 

Buratti, 2016; Sances et al., 2016). The problem is addressed in this study by utilizing hiPSC 

derived motoneurons, ensuring that pathophysiology of human cells are considered. Also, 

very few studies have researched FUS specifically in motoneurons. The neuron subtype is of 

importance when considering the connected neurodegenerative disease FTD, which shares 

several clinical and pathological symptoms with ALS. However, while both ALS and FTD 

patients show a similar pathology of excessive neuronal protein accumulation and neuronal 

atrophy in contrast to ALS, FTD affects neuronal cells in frontal and temporal lobes of the brain 

(Mackenzie et al., 2010). Motoneurons are specifically affected in ALS as opposed to FTD, and 

as a consequence ALS patients display motor symptoms dissimilar to FTD cases. Therefore, the 

main difference in the onset of both the diseases, is the selective vulnerability of the affected 

neurons (Ragagnin et al., 2019). In ALS the motoneuron degeneration is the first step in disease 

progression. In contrast in FTD the neuronal cells in frontal and temporal lobes of the brain 

are targeted. Thus, the specific neuronal location of FUS aggregation seem to play an 

important part in distinguishing how the symptoms manifest, inspite of sharing a common 

underlying molecular mechanism (Ishigaki & Sobue, 2018). All of this points at the location of 

FUS aggregates being an important factor in the disease presentation. The curious thing about 

the ALS and FUS pathology is that it seems to spare most of the other somatic cell types while 

specifically target neuronal cell. As FUS mislocalization has major consequences in ALS, it is 

vital to know the normal distribution of FUS in neurons. Further, synapses being the point of 

contacts between neuronal cell, study of synaptic FUS is also important when considering 

disease propagation. 

Super-resolution microscopy imaging of neurons 

This study aims to localize FUS distribution in human motoneurons, particularly within the 

synaptic compartments. Further, ALS patient derived motoneurons harbouring FUS mutation 

were imaged here to map the mislocalization and aggregation of FUS. In order to image 

neurons EM imaging, though offering far higher resolution, present several technical 

difficulties (Dani et al., 2010). Artifacts during sample preparations are common and it is 

difficult to achieve consistent immunogold labelling for multiple proteins. Labelling is 
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particularly challenging in the synapses because of the electro-dense PSD region. Also, ultra-

thin sample sections are utilized making it difficult to easily identify large number of synapses 

during imaging. On the other hand, it is impossible to images synapses using conventional 

fluorescence microscopy, as most of the synaptic dimensions are smaller than the diffraction 

limit of visible light. For example, confocal microscopes has a maximum possible resolution of 

~200 nm while the average distance of the synaptic cleft separating the pre- from post- 

synapse is around ~20 nm.   

 

 

Figure 5.1.3: Distances between synaptic proteins can be distinguished by super-resolution 
microscopy. Motoneurons labeled for FUS and Bassoon were imaged with (A-B) conventional widefield 
and SMLM technique or with (C-D) confocal and STED microscopy. (B, D) Magnified region of interest 
(marked with white dotted box in the overview images) containing synapses are shown separately for 
each respective technique. Images have been processed for contrast/brightness and with a Gaussian 
blur filter.  Scale bars represent 1000 nm. 

Super-resolution microscopy is however well suited to the challenges of synaptic imaging. The 

sub-diffraction level resolution is sufficient to distinguish proteins in pre- and post-

compartments. Labelling multiple proteins in neuron samples is also easier compared to the 

electron microscopy sample preparation. Hence, in this study the aim was to study FUS and  

mFUS distribution within synapses, with a sub-diffraction level precision, using super-

resolution microscopy. Both the technique of dSTORM and Exchange-PAINT microscopy were 
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used in the project. Example images of the enhanced resolution offered by SMLM imaging as 

compared to STED and conventional fluorescence light microscopy are shown in Figure 5.1.3. 

5.2. FUS accumulation observed in patient derived motoneurons 

In this experiment we utilized the hiPSC derived motoneurons, as these cells provide an 

excellent model system to study neurological disorders like ALS. Though several cell lines and 

animal models have been utilized for the study of ALS pathogenesis, they do not accurately 

reflect the human pathology (Nolan et al., 2016). Post-mortem patient samples on the other 

hand are rarely available for study. In such a case, hiPSC assures a reliable source of human 

derived cells. Moreover, the differentiation of the stem cells into the desired lineage allows us 

to study FUS in motoneurons, the cells majorly affected in ALS (Higelin et al., 2016; Hu & Zhang, 

2009; Stockmann, Linta, et al., 2013). 

Cells were generated from both control human and ALS patient donors with the initial aim of 

comparing the variation in FUS distribution between these two cell types. In order to conduct 

experiments with human cells, motoneurons were generated from induced pluripotent stem 

cells obtained from patient with mFUS and healthy volunteers. This methods assures a 

developmentally diverse source of human derived motoneurons. The generation, culturing 

protocol, and characterization of these cells are mentioned in previously published works 

(Deshpande et al., 2019; Higelin et al., 2016, 2018; Hu & Zhang, 2009; Stockmann, Linta, et al., 

2013). The mFUS cell line ( Asp502Thrfs*27 ) was derived from a juvenile ALS patient (onset 

age 19) with a frameshift mutation in the RGG domain and additional loss of stop codon which 

extends the translation into 3’-UTR region (Higelin et al., 2016; Hübers et al., 2015). 

The hiPSC derived motoneuron cells utilized for this study, were cultured by Dr. Maria Demstre 

and Dr. Julia Higelin (Institute of Anatomy and Cell Biology, University of Ulm, Germany) and 

the protocol is shortly described below. Human hair samples were simulated with ascorbic 

acid, fibroblast growth factor FGF2 and Rho-associated kinase inhibitor to generate 

keratinocytes. The keratinocytes were then infected with lentiviral polycystronic STEMCCA 

cassette containing the reprogramming factors Oct4, Sox2, Klf4 and c-Myc and cultivated 

further on mitotically inactive rat embryonic feeder cells in hiPSC media (Aasen et al., 2008; K. 

Takahashi & Yamanaka, 2006). When colonies showing stem cell morphology appeared after 

a few days, they were transferred into a feeder free mTeSr1 media for several passages. Next, 

embryoid bodies (EB) were formed in suspension EB medium with Rho-associated kinase 

inhibitor. After 4 days in vitro (DIV) neuronal differentiation was promoted with a 

differentiation medium containing hormone mix, glial derived neurotrophic factor, brain 

derived neurotrophic factor, insulin growth factor, ascorbic acid and cyclic adenosine 

monophosphate. Then at day 7 EBs were seeded on laminin, which facilitates attachment of 

neural cells. To promote motoneuron differentiation purmorphamine along with retinoid acid 

and B27 supplement was added to the media on day 15. From day 28 onwards neurospheres 

were seeded on coverslip (cleaned for super-resolution imaging as detailed in 3.2.1) coated 

with poly-L-ornithine and laminin.  

Finally, on DIV 42 I fixed the differentiated motoneuron cells with methanol, after which they 

could be used with further processing for imaging. Motoneuron cells generated from hair 
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samples collected from healthy individuals are termed hiPSC MNWT FUS in this thesis. While 

motoneurons generated from hair samples acquired from the ALS patient are designated as 

hiPSC MNmFUS. 

Initially several protocols were tested to optimize the correct procedure for labelling neurons 

(Appendix C.1). The traditional method of fixation with formaldehyde solution prepared from 

PFA powder caused an increased fluorescent background and unspecific blinking. Fixation with 

electron microscopy grade PFA (refer to Section 3.4.3) and methanol both provided good 

signal to noise ratio. However, methanol prevented detachment of the cells and neurites 

during labelling protocol much better compared to PFA. Hence, this method of fixation was 

adopted for all the hiPSC derived motoneuron samples. Further, the blocking buffer with goat 

serum and FBS was utilized for blocking and antibody incubation step, as this method showed 

efficient reduction in unspecific antibody attachments. Samples were always handled very 

gently and agitation with a tilting shaker, normally used during antibody incubation in the 

immunolabelling protocol, was eliminated to avoid cell detachment.  This was essential as the 

neurons showed a tenuous surface attachment, probably due to the prolonged in vitro 

cultivation, and were liable to detach very easily.  

Choosing the correct antibody for an image based analysis is very important to ensure minimal 

unspecific labelling. The anti-FUS antibody utilized here (RRID: AB_1849181) is directed 

against the mid-region epitope of the protein and has been tested in other studies (N. Aoki et 

al., 2012; Qiu et al., 2014; Schoen et al., 2016). In a comparative analysis study in Neumann et 

al., this antibody was found to show optimal efficiency with immunochemistry technique, and 

also labeled pathological FUS inclusions (Neumann et al., 2009).  

 

 

Figure 5.2.1: Synaptic FUS observed in motoneurons of other model systems. The anti-FUS antibody 
(RRID: AB_1849181) used in this study showed consistent nuclear (green arrowhead) and synaptic 
(examples marked with white arrowhead) FUS labelling in motoneurons derived from (A) rat 
embryonic primary motoneuron culture and (B) tissue section derived from adult mice spinal cord. 
Motoneurons could be recognized by the NF-H (blue) labelling in the axonal processes and nucleus is 
marked by DAPI. Images are acquired in a diffraction limited confocal mode. All scale bars show 10 µm. 
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I tested this antibody in other systems, apart from hiPSC derived motoneuron, to check for 

antibody specificity. In both embryonic rat derived primary motoneuron and adult mouse 

spinal cord sections FUS expression was observed in nucleus and at the synapses as expected 

in healthy neuronal cells (Figure 5.2.1). The preparation and labelling protocol for mice spine 

cord derived tissue are detailed in Section 3.4.7 and 3.4.8 respectively. 

 

Figure 5.2.2: Extra-nuclear mislocalization of mFUS. hiPSC derived motoneurons from (A) healthy 
volunteer (hiPSC MNWT FUS) and (B) ALS patient with a FUS mutation (hiPSC MNmFUS) were 
immunolabelled for FUS (red) and NF-H (blue). The white dotted circle approximately outlines the 
nucleus stained with DAPI dye. Abnormal cytoplasmic accumulation of mFUS (green arrowhead) is seen 
in the patient motoneurons. Images are acquired in a diffraction limited confocal mode. All scale bars 
show 5 µm. Image modified from Deshpande et al. 2019, under the Creative Commons Attribution 
License (CC BY 4.0); http://creativecommons.org/licenses/by/4.0/. 

After immunolabelling, both the hiPSC derived motoneuron samples were checked on a 

confocal microscope to get an overview of sample quality and confirm synapse formation 

(confocal imaging details in Section 3.5). All samples showed FUS expression in the nucleus 

with additional FUS punctae observed along the neuronal processes (Figure 5.2.2). However, 

as previously reported, patient derived hiPSC MNmFUS neurons had abnormal FUS 

accumulation in the cytoplasm.  

Next, to establish presence of FUS in the synapses, cells were co-labeled with known synaptic 

proteins - Bassoon for pre-synaptic labelling, and Homer1 or PSD-95 as post-synaptic marker 

(Figure 5.2.3). FUS colocalized with the pre- and post-synaptic markers in the neurites, 

indicating synaptic localization in both the hiPSC MNWT FUS and hiPSC MNmFUS samples. 

However, hiPSC derived neurons did not show a presence of the PSD marker protein PSD95 in 

the neurites (Figure 5.2.4). Cells were  labeled with Bassoon and Homer1 as the synaptic 

marker proteins for further experiments in this project. The absence of PSD in hiPSC derived 

motoneuron cells points to the synapses being immature (Ahmari & Smith, 2002; El-Husseini 

et al., 2000; Garner et al., 2006). This notion is supported by the electron microscopy images 

of the hiPSC derived motoneurons published in Stockmann et al., as the protocol for 

generation of hiPSC has been adopted from this publication and generated in the same lab, 

the samples are comparable (Stockmann, Linta, et al., 2013).  



5. Super-resolution microscopy applied in the study of Amyotrophic lateral sclerosis 

78 

 

 

Figure 5.2.3: Subcellular location of FUS in hiPSC derived motoneurons. hiPSC derived motoneurons 
at DIV 42 generated from (A) healthy volunteer (hiPSC MNWT FUS) and (B) ALS patient with a FUS 
mutation (hiPSC MNmFUS) are imaged with a confocal microscope at 63x magnification. The first row 
depicts an overview image with the magnified crop (white box) shown as merged or single channel 
images in the lower rows. FUS (red) is present along the neurites overlapping with pre-synaptic marker 
Bassoon(N) (green) and postsynaptic marker Homer1 (cyan) indicated by the white arrowheads. The 
motoneuron cells can be identified by the NF-H (blue) labelling of the axon. All scale bars represent 5 
µm. Image modified from Deshpande et al., 2019 under the Creative Commons Attribution License (CC 
BY 4.0); http://creativecommons.org/licenses/by/4.0/. 

The electron microscopy images of the synapses derived from the hiPSC motoneurons showed 

dense core vesicle formation and SCV present in the axonal compartment at DIV 42 indicating 

a well-formed pre-synapse. But in the same study PSD formation was observed only after DIV 

70. Similarly, electron microscopy imaging of our samples was conducted by the collaborators 

(images available in Deshpande et al., 2019) which confirmed that at DIV 42 the motoneuron 

showed synaptic contact but no thickening of the postsynaptic neuron to form a PSD. 

Longer culturing of motoneurons would have presumably led to more mature samples. 

However, it was difficult to maintain the hiPSC cultures in vitro for a lengthier duration, as 

neuronal cells showed detachment or a halt in cellular growth after DIV 42. This made it 

impossible to obtain statically significant data from the few samples that survived longer in 

vitro. Hence, we decided to continue our experiments with cells fixed at DIV 42. This however 

should not impair the significance of our observations, as developing synapses are also known 

to be functional (Ahmari & Smith, 2002; Sances et al., 2016). 

 



5. Super-resolution microscopy applied in the study of Amyotrophic lateral sclerosis 

79 

 

 

Figure 5.2.4: hiPSC derived motoneurons show a lack of PSD. Synapses were identified in hiPSC 
derived motoneurons cells by colocalizing FUS (red) and Homer1 (cyan) positive punctae (white 
arrowheads). Synaptic PSD95 (magenta) could not be detected at this culture stage (DIV 42). Images 
are acquired in a diffraction limited confocal mode with a 63x magnification. Scale bar shows 5 µm. 
Images modified from Deshpande et al. 2019,  under the Creative Commons Attribution License (CC BY 
4.0); http://creativecommons.org/licenses/by/4.0/. 

In the next step we wanted to test dSTORM microscopy to image synaptic protein populations, 

as this SMLM method has been known to give optimal high resolution along with minimal 

background (Rust et al., 2006). Samples were labeled and mounted for dSTORM microscopy 

as described in Section 3.4.3. First, an appropriate area containing well-spaced neurites was 

identified and a widefield image of this ROI was acquired. Then in the STORM imaging mode 

30,000 images were acquired each, first for the red-channel followed by the green-channel 

(Section 4.2.5). Further, they were processed in the FIRESTORM analysis program, with the 

centre-of-mass fitting approach utilized to plot the localization data (described in Section 

4.1.3). The localizations were then reconstructed using intensity based plotting. All the data 

considered for distance and cluster analysis was processed from raw SMLM images (without 

modification or Gaussian blur filtering). All the SMLM images displayed in the figures here have 

been adjusted for brightness and contrast in ImageJ and processed with a Gaussian Blur filter 

of σ = 10 nm (details in Section 4.1.3). Multiple dSTORM images were generated for both hiPSC 

MNWT FUS and hiPSC MNmFUS motoneuron samples. Synapses were identified in the dual labeled 

images as colocalizing population of any two synaptic proteins. An example image from a 

control motoneuron shows several synapses localized along a neurite labeled for pre-synaptic 

Bassoon(N) and post-synaptic Homer1 (Figure 5.2.5 A).  

Next, we wanted to co-localize the protein of interest FUS in the motoneuron synapses. So in 

FUS was co-labelled with either of the synaptic markers (Bassoon(N) and Homer1) in both 

hiPSC MNWT FUS and hiPSC MNmFUS motoneurons samples and SMLM images were acquired 

(Figure 5.2.5 B-C). The synapses were manually identified as two co-localizing population of 

synaptic proteins. The cluster size of these synaptic proteins was then determined by the SR-

Tessler algorithm (Section 4.1.4). The analysed values were treated to outlier analysis and then 

compared. The FUS cluster in patient synapses showed on an average 43% increase in area as 

compared to the synapses of healthy control motoneurons (Figure 5.2.5 D). 

While cytoplasmic accumulation of mFUS is one of the hallmarks of ALS pathology, additional 

inclusions at the synapses haven’t been discussed. The observations in hiPSC MNmFUS 

motoneurons here, confirm that excessive accumulation of mFUS at synapses is possible. The 

increased accumulation of mFUS at synapses could have significant contributions in 
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understanding ALS disease progression. It has been reported that the ALS symptoms start from 

a confined region followed by systematic spread to other areas of the body, suggesting a prion-

like disease spreading (Braak et al., 2013; Ling et al., 2013).  

 

 

Figure 5.2.5: Increased accumulation of synaptic proteins in ALS patient derived motoneuron 
synapses. (A) In an example dSTORM image of control hiPSC MNWT FUS motoneurons, synapses can be 
identified by colocalizing Bassoon(N-terminal) (green) and Homer1 (cyan) punctae (white arrowheads). 
(B-C) Exemplary synapses from the (B) human MNWT FUS and (C) human MNmFUS motoneurons show 
clustering of FUS, Bassoon(N-terminal), and Homer1. The first row depicts merged images and single 
channel are shown in the lower rows. (D) Data obtained from cluster analysis of synaptic protein 
populaton in of hiPSC MNWT FUS motoneurons (grey data points) and human MNmFUS (orange data 
points) are plotted in a scatter plot. n=30 synapses obtained from atleast three separate neuronal 



5. Super-resolution microscopy applied in the study of Amyotrophic lateral sclerosis 

81 

 

samples each. The area of synaptic protein accumulation for (D) FUS, (E) Bassoon(N-terminal), and (F) 
Homer1 are increased in patient synapses, as compared to synapses in control motoneurons. The mean 
and error bars representing the SEM are shown (black lines). Unpaired t-test (shown by ∗ ) was 
conducted to compare control vs. patient data. ∗p ≤ 0.05 and ∗∗∗∗p ≤ 0.0001. The images shown here 
have been processed with Gaussian blur for display purposes, however all analysis was conducted on 
raw data. Scale bar show 200 nm for the overview and 100 nm for all single synapses. Images modified 
from Deshpande et al. 2019, under the Creative Commons Attribution License (CC BY 4.0); 
http://creativecommons.org/licenses/by/4.0/. 

As mentioned before, the FUS protein has prion-like region and is prone to self-assemble 

forming an amyloid-like fiber hydrogel (Ling, 2018; McAlary et al., 2019; Monahan et al., 2018; 

J. Ravits et al., 2013). In case of some FUS mutations the cytoplasmic FUS inclusions have been 

identified as resembling the hydrogel aggregates (Shang & Huang, 2016). If such a similar 

prion-like aggregation of FUS is also responsible for the synaptic FUS accumulation described 

her, remains to be explored. Hence, though far from a conclusive evidence, synaptic 

accumulation of mFUS protein could indicate a prion-like spreading mechanism of the 

mutated protein through synaptic contacts. 

An additional property of prion-like aggregates is sequestering of other vital proteins in the 

cell. For example, the spinal muscular atrophy protein (SMA), which normally shows diffused 

location throughout the soma and axons, was found to be concentrated in cytosolic 

aggregates of mFUS (Groen et al., 2013; Murakami et al., 2015). Hence, to check if 

accumulation of mFUS in the synapses affects other local synaptic proteins, I analysed the 

cluster areas of Bassoon(N) and Homer1 in the synapses. Interestingly, along with mFUS 

aggregates both these proteins also showed an increased accumulation at the synapses in ALS 

patient cells (Figure 5.2.5 E,F). Pre-synaptic protein Bassoon(N) showed on average 56% 

increase while post-synaptic Homer1 had an average 60% larger cluster area in the patient 

synapses as compared to control. mFUS aggregates are known to act as ‘seed’ and accumulate 

other essential proteins (Ciryam et al., 2017; Khalil et al., 2018; Ratti & Buratti, 2016; Sephton 

& Yu, 2015). This sequestering property of mutated FUS is most likely the cause of aggregation 

of other synaptic proteins observed in the ALS motoneuron samples. 

Apart from synaptic populations both cell types showed several FUS punctae localized along 

the neurites (Figure 5.2.6 A). These are generally transport granules know to shuttle between 

the soma and neuronal periphery (Ling, 2018; Yasuda et al., 2013). mFUS is known be 

associated with stress granules under cellular stress conditions (Kiebler & Bassell, 2006) and 

sometimes even in absence of cellular stress (Gao et al., 2017; Sama et al., 2014; Yasuda & 

Mili, 2016). Apart from the cytoplasm the FUS-positive stress granules have also been reported 

to be localized in neurites (De Santis et al., 2019; Higelin et al., 2016). The area of the FUS 

clusters localized along the neurites was also determined using SR-Tessler analysis. A minimum 

threshold area of 500 nm2 and an upper threshold of 10000nm2 was applied to filter out 

background and labelling artifacts. The results were plotted on a scatter graph where a 

relatively large range of area distribution was observed (Figure 5.2.6 B). Majority (>95%) of 

FUS clusters showed a size of less than 0.01 µm2 in both cell types. These could probably be 

identified as RNA transport granules as their size corresponds to published data on these 
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granules (Baron et al., 2013; Mateu-Regué et al., 2019). Furthermore, in the SMLM image of 

patient cells, I observed a general increase in the density of FUS punctae along the neurites. 

The dendrites in human MNWT FUS had approximately 0.54± 0.013 of FUS clusters per µm while 

dendrites in human MNmFUS patient cells showed an average of 1.04 ± 0.12 mFUS clusters per 

µm (Figure 5.2.6 C). Baron et al., demonstrated that RGG domain can trigger mFUS protein to 

assemble into stress granules (Baron et al., 2013). As the FUS mutation in the patient sample 

used in this experiment is in the RGG domain, it is probable that the mFUS can be directed into 

stress granules. The increased density of mFUS clusters along the neurites observed in the 

patient sample could hence, correspond to presence of mFUS positive stress granule. 

 

 

Figure 5.2.6: Increased expression of subcellular FUS in ALS patient derived motoneurons. (A) SMLM 
images of human MNWT FUS (top) and MNmFUS cells (bottom) immunolabeled with anti-FUS antibody 
show increased FUS clusters in patient motoneurons. The calibration bar shows the colour scheme 
based on intensity. (B) The scatter plots with each data point depicting the area of individual FUS 
cluster are plotted for healthy control (gray) and patient (orange) cells. n=3; separate images derived 
from three distinct neuronal samples were analysed.  Inset shows the mean and SEM of each 
population. (C) Comparison of the number of FUS clusters along neurites per µm detected in control 
(gray) and patient (orange) cells. n=3; separate images derived from three distinct neuronal samples 
were analysed. The mean and error bars representing the SEM are shown (black lines). Unpaired t-test 
(shown by ∗ ) was conducted to compare control vs. patient data. ∗p ≤ 0.05 and ∗∗∗∗p ≤ 0.0001. The 
images shown here have been processed with Gaussian blur for display purposes, however all analysis 
has been conducted on raw imaging data. Scale bar represents 1000 nm. Image modified from 
Deshpande et al.2019, under the Creative Commons Attribution License (CC BY 4.0); 
http://creativecommons.org/licenses/by/4.0/. 

Discussion 

FUS is heavily involved in RNA metabolism, with its function in transcription, alternative 

splicing, mRNA stabilization and transport. Hence, mFUS and its accumulation, observed in 

patient sample in this study, can be expected to affect all these functions leading to 

impairment in neuronal and synaptic activities. At the synapses, FUS is involved in several 

synaptic functions and is suspected to have a role in the local translation apparatus. Mutation 

in FUS protein causes a loss of regulatory control of mRNA stability. Hence, it is plausible that 
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increased mFUS at the synapses could exuberate these effect and contribute to synaptic 

dysfunctions generally observed in various ALS models (Ishigaki & Sobue, 2018; Ling, 2018). 

General neurotoxic role of mFUS has been reported by several different studies, except for at 

the synapses which is a relatively unexplored area. FUS mutations affect the axon growth rate 

in developing neurons and can reduce overall axonal translation (Groen et al., 2013; W. Guo 

et al., 2017; López-Erauskin et al., 2018; Yasuda & Mili, 2016). Additional reduction of 

mitochondria and endoplasmic reticulum vesicles transport was also observed in hiPSC 

derived motoneurons harbouring ALS-associated FUS mutation (W. Guo et al., 2017).  While 

in the dendrites mFUS interferes with growth, arborization, and reduces cargo transport (Qiu 

et al., 2014; Sephton et al., 2014). In ALS mice models, accumulation of mFUS has been 

observed in the axons and dendrites of hippocampal neurons. Also a subsequent inhibition in 

the local protein synthesis machinery has been reported (López-Erauskin et al., 2018; Sharma 

et al., 2016). Further, in these ALS models the pre-synaptic terminal of the mice motoneurons 

displayed abnormalities like reduction in the synaptic vesicle density, and deformed 

mitochondrial morphology. Hence, we can speculate a similar hinderance caused by excessive 

clustering of mFUS in hiPSC motoneurons which could then conceivably lead to a disruption in 

local translation. This ultimately would affect synaptic functions and exacerbate the neuronal 

degradation detected in ALS patients. In many ALS cases with FUS mutation, the first impact 

of dysfunction seems to be at the synapses (Ratti & Buratti, 2016; Sephton & Yu, 2015; 

Shahidullah et al., 2013). The synaptic aberration seems to precede neural damage or 

muscular atrophy. The excessive mFUS accumulation observed in this study supports such a 

manner of disease progression. 

In FUS proteinopathy two different mechanisms - a loss-of-function due to depletion of 

physiological FUS or a gain-of- function due to FUS accumulation have been proposed (Ling et 

al., 2019). The observed increase in accumulation of FUS at the synapses and along neurites in 

hiPSC motoneurons harbouring FUS mutation would fit to the later hypothesis. An increase in 

WT FUS in mice models has shown to induce ALS like pathology by hindering normal FUS 

autoregulation, and similar but intensified effects were observed in mice where mFUS was 

expressed (C. Huang et al., 2011; Ling et al., 2019). This suggests that overexpression of FUS 

(without necessity of a mutation) is enough to confer a toxic gain-of-function in motoneurons 

while mutation enhances the toxic effect. Further, overexpression of mFUS has shown to 

hinder autophagy, one of the processes involved in clearing stress granules (Ling, 2018; 

Sproviero et al., 2018). This would account for the increased FUS clusters detected in the 

neurites of the ALS patient sample. Put together the data from this study tentatively supports 

the gain-of-toxic-function hypothesis for mFUS proteinopathy. However, as this study involves 

in vitro model, a systemic effect of toxic-gain of mFUS is difficult to predict and further studies 

are needed to confirm. Here, I observed excessive accumulation of two other protein Bassoon 

and Homer1 along with mFUS in patient derived motoneuron synapses. In the future of this 

project additional synaptic proteins need to analysed to check if they show a similar excessive 

accumulation in presence of mFUS. Super-resolution imaging techniques, like Exchange-DNA-

PAINT (see Section 4.3) could be utilized to image multiple synaptic protein simultaneous and 

hence, check what influence mFUS might have on them. 
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5.3. FUS localization in motoneuron synapses 

Having shown FUS mislocalization in synapses of motoneuron derived from ALS patients, the 

next aim was to determine the normal distribution of FUS in healthy motoneurons. Several 

previous studies have tackled this question, though most utilize models system or different 

types of cells like cortical or hippocampal neurons (N. Aoki et al., 2012; Ling, 2018; Schoen et 

al., 2016). One of the very first FUS localization study was conducted by Fujii et al. in mouse 

hippocampal neurons where they showed that, apart from the nucleus, FUS shows an 

additional location at the dendritic spines (Fujii et al., 2005). Concomitantly, Belly et al. also 

reported similar distribution of FUS clusters along neuronal processes and at synapses in rat 

hippocampus sections (Belly et al., 2005). Both studies utilized confocal microscopy to image 

immunolabelled FUS and other proteins in samples, wherein they could not differentiate 

between the synaptic compartments. As mentioned before the distance between the pre- and 

post-synaptic compartments are smaller than diffraction limit of the confocal microscopy 

making the technique unsuitable to localize proteins correctly at the required length scale, i.e. 

sub-diffraction distances. Hence, the exclusive determination of a post-synaptic FUS clustering 

using confocal imaging can be debatable. Aoki et al. next addressed the question with a 

different methodology; using western blot analysis of synaptic subcellular fractionations of 

mouse brain tissue. They reported that FUS localized predominately to the PSD fraction (N. 

Aoki et al., 2012). However, as the fractionations included whole brain samples and low FUS 

signals were also present in the pre-synaptic fractions it makes the data slightly ambiguous. 

Finally, FUS was conclusively localized at the pre-synaptic terminal in rat derived primary 

hippocampal neurons by Schoen et al., using super-resolution microscopy (Schoen et al., 

2016). However, as FUS accumulation pathology in ALS is present specifically in motoneuron, 

and with these neurons being the first downstream target during disease progression, specific 

study of FUS localization within motoneurons is of utmost importance. Previous studies have 

shown limited translation of research on disease pathophysiology obtained from animal 

models to human systems. Hence, the goal of this study was to localize FUS specifically in 

human motoneurons. To this end I used the human MNWT FUS motoneuron culture derived 

from healthy volunteers. I have already described the sample preparation, established 

synapse formation, and confirmed synaptic localization of FUS in these motoneuron culture 

previously (Section 5.2).  

Now to determine the exact synaptic compartment in which FUS localizes, I labeled synapses 

in human MNWT FUS cells (fixed at DIV 42) with varying combinations of the synaptic proteins 

FUS, Bassoon(N) and Homer1 and acquired several dSTORM images. Triangulating the relative 

position of FUS from the pre-synaptic marker Bassoon(N) and the post-synaptic marker 

Homer1 could determine its exact position within the synapse. Hence, the quantitative 

distance between FUS and either of the synaptic protein needed to be determined first. The 

distance between two protein reconstructed in a SMLM image was computed as the distance 

between the COM of their population. To determine the average distance between each pair 

of synaptic protein, the Euclidian distances were determined separately for more than 

hundred dual-labeled synapses. These distances, when plotted in histograms with 10 nm bin 

steps showed a comparatively large distribution than would be expected for synaptic protein 
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localization (Dani et al., 2010). This varying distances between the same proteins clusters in 

different synapses can be explained when it is considered that a 3-dimensional structure has 

been projected into a 2-dimensional image. Synapses in the sample can have different 

orientations with respect to the imaging plane (Figure 5.3.1). The synapses whose trans-

synaptic axis lies tilted to viewing plane would have protein clusters with varying degrees of 

overlap and hence give an inaccurate (shorter) distance than the actual value. The accurate 

distance (largest possible distance) between the COM can only be obtained when synapses 

are orientated with their trans-synaptic axis lying in the focal plane (‘side-view’).  

 

 

Figure 5.3.1: Different synaptic orientations observed in 2D imaging. A schematic illustrates the 
changing orientation of the synapses (upper row) when a 3D object is reconstructed in a 2D plane. The 
protein clusters show a varying seperating distances, depending on the orientation of the synapse with 
respect to the focal plane. This leads to a variation in the measured distances between the protein 
clusters. The first sketch from the left shows a synapse with the trans-synaptic axis (dotted line) aligned 
in the imaging plane (side view) where the accurate distance between the two protein populations can 
be determined. Reconstructed 2D SMLM images showing examples of synapse with side- and face-
view orientations (lower row) labeled for proteins FUS (red) and Homer1 (cyan). Corresponding to the 
schematic, in the side-view (left) orientetd synapse the synaptic proteins show a separation and a clear 
synaptic cleft. While the synapse imaged in a face-view (right) shows overlapping protein clusters. All 
scale bars represent 100 nm. Image modified from Deshpande et al. 2019, under the Creative 
Commons Attribution License (CC BY 4.0); http://creativecommons.org/licenses/by/4.0/. 

Hence, to account for the projection error of 2-dimensional imaging in this study, analysis was 

restricted to only the largest 40% of the measured distances. This ensures that (mainly) 

synapses with side-views are included in the analysis, while still accounting for innate 

biological variation between different synapses. The approach has been previously utilized in 

other publications (Deshpande et al., 2019; Schoen et al., 2016). All the SMLM images 

displayed in the figures in this section have been adjusted for brightness/contrast and 

processed with a Gaussian Blur filter of σ = 10 nm (details in Section 4.1.3). However, all the 

SMLM data used for distance analysis was processed from raw images (without application of 

Gaussian blur filtering). 
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Figure 5.3.2: Distance between synaptic proteins in human iPSC derived motoneurons. The distances 
between synaptic protein populations were determined using SMLM images of human MNWT FUS cells 
fixed at DIV 42 for (A) Presynaptic marker Bassoon(N-terminal) (green) & post-synaptic marker Homer1 
(cyan) (B) FUS (red) & Bassoon(N-terminal) and (C) FUS & Homer1. Representative synapses (first 
column) are shown, where the difference between the center of mass of the two populations 
intensities (indicated here by the dotted line in the middle column) gives the distance between the 
protein clusters. The rightmost column shows computed histogram of the measured distances from 
several synapses. In histograms the lower 60% of the distances are shown in gray and the upper 40% 
in black. Scale bar indicates 100 nm. Image modified from Deshpande et al. 2019, under the Creative 
Commons Attribution License (CC BY 4.0); http://creativecommons.org/licenses/by/4.0/. 

As a control to check the validity of this method first the average distance between proteins 

Homer1 and Bassoon(N), was calculated for 272 synapses and determined to be 180 ± 4.3 nm 

(average, ± SEM) (Figure 5.3.2 A). This distance was checked against available literature values 

and was found to be comparable. Dani et al. determined the distance to be ~160 nm in mouse 

hippocampal cortex using SMLM microscopy while Schoen et al. reported a distance of ~190 

nm (Dani et al., 2010; Schoen et al., 2016). Heller et al. calculated a distance of ~120 nm in 

triapte synapses, but the terminal (N or C) towards which the Bassoon antibody was directed 

was not reported in that study (Heller et al., 2019). The slight variation between values 
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reported in literature can arise from different causes including native biological variation, the 

error introduced by the maximum attainable resolution of SMLM technique and the deviation 

in antibody orientation. Next, I measured the mean distance between FUS and Bassoon(N) as 

230 ± 5.6 nm from 238 synapses and between FUS and Homer1 to be 150 ± 3.6 nm from 238 

synapses of human MNWT FUS (Figure 5.3.2 B,C). The relative distances establishes FUS closer 

to Homer1 in the postsynaptic compartment. Factoring in the distance between the synaptic 

marker proteins, Homer1 is localized between FUS and the synaptic cleft followed by Bassoon 

in the pre-synaptic compartment.  

 

 

Figure 5.3.3: Post-synaptic FUS localization determined in hiPSC derived MNWT FUS. (A) Three-colour 
SMLM image shows distribution of synaptic clusters for Bassoon(N-terminal) (green), Homer1 (cyan) 
and FUS (red) within a representative synapse. The images shown here have been processed with 
Gaussian blur for display purposes, however all analysis has been conducted on raw imaging data. (B) 
Schematic representation, determined from SMLM image analysis, shows the approximate protein 
distribution in a human motoneuron developing synapse. The distance values are rounded up to the 
nearest tenth. Scale bar represents 100 nm. Images modified from Deshpande et al. 2019, under the 
Creative Commons Attribution License (CC BY 4.0); http://creativecommons.org/licenses/by/4.0/. 
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Since the two colour distance measurements give only indirect results of the relative positions 

of more than two proteins, further confirmation of FUS positioning was sought by a three 

protein labelling. Three-colour super-resolution imaging was achieved by the DNA-PAINT 

technique (Section 4.3). The synaptic proteins FUS, Bassoon(N) and Homer1 were labeled with 

monoclonal antibodies in the same human MNWT FUS motoneuron sample. As all three primary 

antibodies were sourced from different animal host there were no cross-labelling issues. 

Bassoon(N) and Homer1 primary antibodies were then labeled with secondary antibody-DNA-

Alexa 647 dye conjugate, which could then be used for multiplexing (protocol in Section 3.4.2 

and 4.3.2). However, FUS was labeled with the commercial anti-rabbit secondary antibody 

marked with Alexa 532 dye and measured first using dSTORM technique. This allowed FUS 

synaptic clusters to be visualized in widefield microscopy and hence, helped determine an 

appropriate region of interest.  

First, FUS localization were imaged using the dSTORM method after which, Bassoon and 

Homer1 were imaged with the DNA-PAINT methodology. Figure 5.3.3 A shows an example 

synapse measured with this technique, here a post-synaptic localization of FUS closer to 

Homer1 and away from Bassoon is confirmed. The distance between the COM of Bassoon and 

Homer1 protein population is 130 nm, for FUS and Bassoon or Homer1 is 210 nm and 100 nm 

respectively. The synaptic distribution visualized by the multiplexing technique is almost 

similar to the mean distance computed with the dSTORM two colour experiment. The small 

variation between the absolute distances measured by this technique can be attributed to 

biological variation within individual synapses. A schematic of the mean distances, calculated 

from over 200 synapses, is outlined to visualize the post-synaptic localization of FUS in human 

MNWT FUS (Figure 5.3.3 B).  

A post-synaptic localization of FUS in human derived motoneurons was an unexpected result, 

as our previous work (Schoen et al., 2016) had placed FUS in the presynaptic compartment. 

However, the Schoen et al., study had been conducted in rat hippocampal and the synapses 

in that culture showed PSD95, indicating a mature PSD. These important difference in our 

model systems lead to either one of the following premise be the reason for post-synaptic FUS 

observed in human MNWT FUS :  

1) FUS shows varying synaptic localization in different species 

2) FUS localization in synaptic compartment varies between hippocampal to motor neuron 

3) as our hiPSC MNWT FUS contain mostly developing synapses (explained in Section 5.2), FUS 

shows a maturation based variation in its’ localization 

A variation in FUS localization in different species has minimal supporting evidence in 

literature. FUS along with the rest of FET protein family are known to be highly conserved in 

vertebrates (Jacob C. Schwartz et al., 2015). Comparison of FUS targets and RNA interactions 

between human and mouse neurons also showed a significant overlap, pointing to 

conservation of FUS function in these species (Lagier-Tourenne et al., 2012). Hence, a species 

specific FUS localization variation was considered to be the least likely answer. So, I decided 

to target the other two probable premises at first.  
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In order to address the question of variation of FUS localization in hippocampal and 

motoneuron, I decided to conduct a localization study in rat motoneurons, as Schoen et al., 

had established a pre-synaptic FUS in rat derived hippocampal neurons. To this end primary 

motoneuron cells were isolated from rat embryos (Section 3.3.2) and cultured in vitro for 

maturation (abbreviated as rat MNWT FUS). Schoen et al. had used primary hippocampal 

neurons derived from embryonic rats and cultured in vitro for 14 days. Literature survey 

showed a similar culture time used for other studies in embryonic rat primary motoneurons 

(Martinou et al., 1989; Stockmann, Meyer-Ohlendorf, et al., 2013). So, I fixed the rat 

motoneuron cells at DIV 14 and checked for synaptic formation by labelling with various 

synaptic markers. In confocal microscopy a colocalizing population of FUS and other synaptic 

markers like Bassoon, Homer1 and PSD95 were observed, indicating that again FUS localizes 

to synapses (Figure 5.3.4). 

Another thing to be taken into consideration, was that as the primary motoneurons were 

isolated directly from embryonic rat spine, glial cells were also present in the culture. Glial 

cells normally surround neurons in vivo, providing them with support and nutrition. So, to 

distinguish motoneurons from glial cells I used neurofilament-heavy chain (NF-H), a type of 

intermediate filament found only in the cytoplasm and axons of motoneurons, as a neuron 

marker. Cells labeled with anti-NF-H antibody could be identified specifically as motoneuron 

cells during imaging.  

 

 

 

 

Figure 5.3.4: Synapse with pre- and post- 
synaptic protein marker could be identified at 
DIV14. Confocal images of primary rat MNWT FUS 

at DIV 14 shows synapses (representative 
examples marked by white arrowhead) with 
colocalizing synaptic proteins Bassoon(N-
terminal) (green), FUS (red) and Homer1 
(cyan). The motoneurons can be recognized by 
the NF-H (blue) signal. The first row displays an 
overview and the lower rows show the 
magnified area (white box) as merged or single 
channel images. Confocal images were 
acquired at 63x magnification. All scale bars 
represent 5 µm. Image modified from 
Deshpande et al. 2019, under the Creative 
Commons Attribution License (CC BY 4.0); 
http://creativecommons.org/licenses/by/4.0/. 

To determine the localization of synaptic proteins, several images were recorded for rat MNWT 

FUS cells fixed at DIV 14 with the dSTORM technique and the reconstructed SMLM images were 

used for further analysis. As described before the Euclidian distance between the distance of 
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the COM of two synaptic protein clusters was calculated for more than hundred synapses and 

the mean of the top 40% of the largest distance was determined (Figure 5.3.5). The average 

distance between FUS and Bassoon(N) from n= 124 synapses was determined to be 130 ± 3.5 

nm (average, SEM) while a distance of 260 ± 6.1 nm (n= 158 synapses) was computed for FUS 

and Homer1. Hence, a closer proximity of FUS to the pre-synaptic Bassoon is observed as 

compared to post-synaptic marker Homer1. While the synaptic markers Bassoon(N) and 

Homer1 showed an average separation distance of 180 ± 5.4 nm (n= 97 synapses). The 

distance from PSD95 from FUS and Bassoon(C) were calculated to be 220 ± 6.3 nm (n= 126 

synapses) and  120 ± 6 nm (n= 104 synapses) respectively. A Bassoon antibody specific to the 

C-terminal was used alongwith with PSD95 here, as Bassoon(N) and PSD95 antibody shared 

the same host species.  

 

Figure 5.3.5: Primary rat motoneurons show FUS clustering closer to pre-synaptic markers in mature 
synapses. (A-B) An overview (top row) of mature synapses observed in rat primary motoneurons at 
DIV 14, labeled for FUS and (A) presynaptic protein Bassoon(N-terminal), or (B) postsynaptic marker 
Homer1. Magnified view of the synapse (white box in overview) and histograms of distances between 
the COM of protein clusters from several synapses are shown for both samples (lower row). (C-E) 
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Representative images are shown of single synapses at DIV 14 and the respective computed distance 
histograms for synaptic proteins (C) Bassoon(N-terminal) & Homer1, (D) FUS & PSD95, and (E) 
Bassoon(C-terminal) & PSD95. The bottom 60% of the distances are shown in grey and the upper 40% 
in black in all histogram graphs. The images shown here have been processed with Gaussian blur for 
display purpose, however data used for analysis was obtained from raw images. Scale bar represents 
500 nm and 100 nm for overview and the magnified crop respectively. Images modified from 
Deshpande et al. 2019, under the Creative Commons Attribution License (CC BY 4.0); 
http://creativecommons.org/licenses/by/4.0/. 

A schematics of synaptic protein positions, derived from relative calculated distances, is 

shown in Figure 5.3.6 and gives an overview of a motoneuron synapse architecture. Our 

analysis shows a pre-synaptic localization of FUS behind Bassoon and away from the synaptic 

gap. This location of FUS is similar to that reported previously in rat hippocampal neurons and 

contrasting to the results obtained with human derived motoneurons (human MNWT FUS) in 

this study. This rules out the possibility of varying FUS localization between hippocampal and 

motor neurons. From the schematics it can be seen that there is a slight difference in the 

relative position of Bassoon(N) and Bassoon(C) localization in the synapses. This can occur if 

the Bassoon protein shows an elongated positioning across the presynaptic PAZ, with the C-

terminal end closer to the synaptic gap. Such a stretched orientation of Bassoon at the pre-

synapse has been previously also reported in hippocampal neuron (Dani et al., 2010). 

 

 

Figure 5.3.6: Distribution of synaptic proteins in mature synapses of rat motoneurons. An overview 
schematic for a typical mature synapse in rat primary motoneuron, shows the mean distances 
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(rounded up to the nearest 10) between different synaptic proteins as determined from SMLM data 
analysis. A presynaptic FUS clustering can be established by looking at the synaptic architecture. Image 
modified from Deshpande et al. 2019, under the Creative Commons Attribution License (CC BY 4.0); 
http://creativecommons.org/licenses/by/4.0/. 

Having established that FUS localization does not vary between hippocampal and motor 

neurons, the possibility of a maturation based variability of synaptic FUS localization was 

tackled next. It was not feasible to measure mature synapses in the human derived 

motoneurons as we were unable to maintain a healthy culture for these cells longer than DIV 

42. A longer culturing time in vitro caused either cellular detachment or necrosis. Though a 

few sample were viable till DIV 72, statistically significant data for localization of synaptic 

proteins could not be obtained. Therefore, generating enough neuronal samples to obtain 

sufficient synapses for quantifiable distance measurements was not possible. Consequently, 

I decided to measure FUS localization in immature synapses of rat derived motoneurons. To 

this end I compared images of immature synapses from hiPSC MNWT FUS with the mature 

synapses in rat MNWT FUS to locate the morphological differences.  One observed difference 

was in the size of the synaptic protein clusters of developed synapses compared to the 

immature synapses. Homer1 in human MNWT FUS  had an average cluster area of 0.008 ±0.0006 

μm2 while rat MNWT FUS  mature synapses had a much larger area of 0.06 ±0.004 μm2 (Figure 

5.3.7 A).  

 

 

Figure 5.3.7: Synaptic protein clusters show varying area based on the maturation stage. (A) The 
mean and SEM of Homer1 synaptic cluster area for mature (> 0.03 μm2) and developing synapses of 
rat MNWT FUS and for synapses in human MNWT FUS cells were calculated from SMLM imaging data. Each 
data point in the scatter plot represents the area of a single Homer1 synaptic cluster. Comparison of 
data was performed by one way ANOVA (p ˂ 0.0001) with Tukey's multiple comparison test., ∗∗∗∗p ≤ 
0.0001. Outlier data points were removed. All analysis has been conducted on raw images. (B) 
Confocal image of rat MN cells at DIV 14 labeled for FUS (red), PSD-95 (green), MAP2 (yellow) and NF-
H (blue). The overview shows a single representative motoneuron (first row). The second row shows 
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a magnified view (of the white dotted box) and the single channel images for FUS and PSD-95 labelling 
are shown separately (lower rows). The white arrowheads mark the bigger synapses present closer to 
the soma and the yellow arrowheads mark the smaller synapses present at the perferiy of neurites. 
The PSD protein PSD95 (green) is detected in FUS-positive larger synapses but not in the smaller 
immature synapses. Confocal images acquired at 63x magnification. All scale bars are 5 µm. Images 
modified from Deshpande et al. 2019, under the Creative Commons Attribution License (CC BY 4.0); 
http://creativecommons.org/licenses/by/4.0/. 

Presence of smaller synaptic clusters of the PSD associated protein Homer1 in developing 

synapses is consistent with previous electron microscopy studies which report a smaller area 

and thickness of PSDs in developing synapses at DIV7 in rat hippocampal neurons (A. 

Grabrucker et al., 2009). The same study also reports ongoing synaptogenesis in primary 

neuronal culture at DIV14, explaining the presence of the small immature synapses at this 

time point in culture. Hence, this indicated presence of smaller sized immature synapses in 

the rat motoneurons at DIV14. Additionally, as mentioned before the smaller synapses failed 

to show PSD95 labelling similar to those in the  human MNWT FUS  culture, indicating an 

underdeveloped PSD (Section 5.2). A confocal overview of the rat motoneuron at DIV 14 (in 

Figure 5.3.7 B) showed larger developed synapses with PSD95 labelling (white arrowhead). 

 

 

Figure 5.3.8: Synapses in rat derived motoneuron show variation in synaptic protein cluster size 
based on the development stage. Confocal images of primary rat MNWT FUS labeled for FUS (red), 
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Bassoon(N-terminal) (green), the dendrite marker MAP2 (yellow), the axonal marker NFH and DAPI 
(both blue). The first row displays an overview and the lower rows on the right show the magnified 
area (white box) as merged or single channel images. The cells were imaged at culture stages of (A) 
DIV7, (B) DIV14 and (C) DIV21. The yellow arrowheads mark the FUS-positive smaller synapses which 
were already formed at DIV7 and were located progressively more towards the cell periphery with 
longer culture duration. The white arrowheads mark the FUS-positive bigger synapses present closer 
to the soma and were visible only at DIV 14 and 21. Confocal images acquired at 63x magnification. 
All scale bars represent 5 µm. Image modified from Deshpande et al. 2019, under the Creative 
Commons Attribution License (CC BY 4.0); http://creativecommons.org/licenses/by/4.0/. 

While smaller, presumably immature, synapses with synaptic FUS clusters but no colocalizing 

PSD95 population (yellow arrowhead) were also present in the same neuron. Hence, it could 

be reasonably inferred that the small synapses seen in both in hiPSC MNWT FUS and rat MNWT 

FUS are in an immature/developing stage, as opposed to the larger synapses seen in rat MNWT 

FUS which correspond to mature structures. 

 

 

Figure 5.3.9: A post-synaptic accumulation of FUS is observed in immature synapses of rat MNWT FUS 
at DIV14. (A) Smaller synapses labeled for Bassoon(N-terminal), FUS, and Homer1 are marked with 
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white arrowheads in SMLM images of primary rat motoneurons. (B-D) Representative synapses and 
histograms for the distances between the COM of the protein populations analysed from several 
synapses are shown for - (B) Bassoon(N-terminal) and FUS, (C) Homer1 and FUS and (D) Bassoon(N-
terminal) and Homer1. The lower 60% of the distances are shown in gray and the upper 40% in black. 
(E) A schematic for a immature synapse in rat primary motoneuron cells shows an overview of the 
synaptic protein  distribution. The values for mean distances (rounded up to the nearest tenth) are 
acquired from the largest 40% of the measured distances. The images shown here have been 
processed with Gaussian blur for display purposes, however all analysis has been conducted on raw 
imaging data. Scale bar represents 500 nm and 100 nm for the overview and single synapse images 
respectively. Images modified from Deshpande et al. 2019, under the Creative Commons Attribution 
License (CC BY 4.0); http://creativecommons.org/licenses/by/4.0/. 

Further, upon comparing synapses at DIV7, DIV14 and DIV21, it was observed that 

qualitatively small synapses were seen close to the motoneuron soma at DIV7, while at DIV14 

and DIV 21 these were localized increasingly at the neuron periphery (Figure 5.3.8). The bigger 

mature synapses were located near to the soma at DIV14. Similarly, a population of the 

mature synapses was observed at DIV21 close to the soma of the neuron. Another indicator 

of immature synapses was the absence of bar-like structure of proteins Bassoon and Homer1, 

observed in the bigger/mature rat synapses. Similar elongated distribution of the scaffolding 

has been previously reported in synapses derived from adult rodent tissue sections (Dani et 

al., 2010; Tao-Cheng et al., 2014). Hence, it is highly likely that developing synapses are 

present alongside mature synapses in rat MNWT FUS at DIV14.  

In order to investigate the difference between large and developing synapses dSTORM 

imaging was used. Representative images of smaller synapses positive for FUS and the 

synaptic markers Bassoon or Homer1 are shown in Figure 5.3.9 A. Analysis of the distance 

between FUS-Bassoon(N) from n= 153 synapses was ~180 ± 5.4 nm (average, SEM). While a 

shorter distance of ~130 ± 2.8 nm (n= 150 synapses) was computed for FUS and Homer1 

clusters. The distance between marker proteins Bassoon(N) and Homer1 was determined to 

be ~160 ± 4.65 nm (n= 157 synapses). Putting the values together it was determined that FUS 

shows a predominately post-synaptic localization in the immature (smaller) synapses of rat 

MNWT FUS, similar to the observations from developing synapses of human MNWT FUS. Thus, a 

species specific synaptic localization of FUS is ruled out as both human and rat derived 

synapses show similar FUS organization. Correspondingly, a maturation based variation of 

FUS location in the synapses can be confirmed. 

To further confirm pre-synaptic FUS localization in matured synapses, I also analysed rat 

motoneurons at DIV21. This time-point has been established by other studies as having 

mostly mature motoneurons (Beaudet et al., 2015). Further, in the rat MNWT FUS samples at 

DIV21, as shown in Figure 5.3.8 C, a typical structure of a motoneuron is observed along with 

mainly large synapses, confirming a mature cell culture. As expected in the mature synapses, 

SMLM images at DIV21 showed the typical bar-shaped distribution of the marker protein 

Bassoon, PSD-95 and Homer1 (Figure 5.3.10). The distance between FUS and Bassoon(N) was 

derived from n= 132 analysed synapses as ~150 ± 4.6 nm (average, SEM). While the distance 

between FUS and the post-synaptic proteins Homer1 and PSD95 was ~260 ± 13.4 nm and 

~240 ± 7.2 nm for n= 115 and n= 121 respectively. This localizes FUS in the axonal 
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compartment closer to active zone protein Bassoon and again establishes a pre-synaptic FUS 

in mature synapses. A mean distance of ~180 ± 5.0  nm was computed between Bassoon(N) 

and Homer, from analysing n= 149 synapses, identical to that observed between the pre- and 

post-synaptic marker proteins at DIV14. I could therefore, conclude that FUS is present in the 

dendritic spine during the initial synaptic development stage but is predominately localized 

in the axonal compartment of mature synapses. 

 

 

Figure 5.3.10: Pre-synaptic FUS observed in mature synapses of primary rat motoneuron culture at 
DIV 21. SMLM images and synaptic distance analysis of mature synapses labeled for proteins – FUS 
(red), Bassoon(N-terminal) (green), Homer1 (cyan), PSD-95 (magenta). Images of single representative 
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synapses and histograms of distances between the COM of the synaptic protein clusters computed 
over several synapses, are shown for - (A) FUS & Bassoon, (B) FUS & Homer1, (C) FUS & PSD95 and (D) 
Bassoon(N-terminal) & Homer1. In the histogram lower 60% of the distances are shown in grey while 
the upper 40% distances are in black. The image of synapses shown here have been processed with 
Gaussian blur for display purpose, however distance analysis was conducted on raw imaging data.  (E) 
A schematic shows an overview of the distances (rounded up to the nearest tenth) between various 
synaptic proteins in mature synapse MNWT FUS at DIV 21. The values for mean distances are acquired 
from the largest 40% of the measured distances. Scale bars represent 100 nm for the single synapses. 
Scale bars indicate 100 nm. Images modified from Deshpande et al. 2019, under the Creative 
Commons Attribution License (CC BY 4.0); http://creativecommons.org/licenses/by/4.0/. 

Aoki et al. showed that FUS localized in the post-synaptic compartment, using subcellular 

fractionation methodology contrary to SMLM analysis. This post-synaptic localization find can 

perhaps be explained by the presence of varying synaptic maturation that I observed  (N. Aoki 

et al., 2012). Mouse brain, even in adult animals, has been shown to contain a sub-population 

of ‘immature’ synapses (Burette et al., 2015; Dani et al., 2010). As whole brain lysates were 

used in the Aoki et al. study, it is probable that the FUS signal observed in the PSD fraction 

originated from immature synapses. This also highlights the advantages of utilizing imaging 

technique for synaptic protein studies. Other biochemical techniques of proteome analysis 

like fractionation produce data collectively from all the synapses in the samples. Imaging 

techniques on the other hand allow assessment of individual synapses and hence, make the 

results more inclusive of specific synaptic variations. It  has to be cautioned that this study 

does not completely rule out the presence of FUS in both synaptic compartments. It could be 

possible that FUS can be temporarily recruited into either of the synaptic compartment when 

needed for local functions or synaptic activity. Further research, possibly with live cells and 

under different stress conditions would be needed to check if transient synaptic FUS 

recruitment is also feasible. 

Discussion 

Though study in knockout or depletion model systems have highlighted the importance of 

FUS in synapse maintenance, a comprehensive understanding of synaptic FUS function is still 

under research. One of the main function of RBP’s at synapses could be their contribution in 

the local translation. The putative involvement of FUS in the local translation machinery at 

the synapses has been long deliberated. There is a growing consensus that many of the 

proteins that are located at the synapses originate and are controlled by local translation 

independent from somata (Gumy et al., 2011; Khalil et al., 2018). This helps the neuronal cell 

to remodel the synaptic proteome rapidly based on extrinsic clues. Even with the fastest 

axonal transport speed recorded it would take days to traffic proteins from soma to distal 

axon ends, some of which can extend upto a length of 1 meter in humans. Meanwhile, protein 

requirement for maintaining synaptic plasticity can be measured in minutes, making the need 

for local translation of proteins vital (Holt et al., 2019). The mRNA repertoire at synapses has 

been known to show dynamic changes alongwith localization of newly synthesized proteins. 

This could attest to local translation being necessary to fulfil the fluctuating requirement of 

different synaptic proteins. Further, RBPs specific to synaptic mRNA, including FUS as 

established with this study, have been localized in the synapses (Holt et al., 2019; Ishigaki et 
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al., 2017). The presence of polyribosome along with other translational machinery have also 

been detected at synapses in motor, hippocampal, and cortical neurons and can provide the 

apparatus needed for local translation. 

Local protein synthesis in the axonal compartment at the pre-synapse is still a relatively new 

discovery (Cioni et al., 2018; Gumy et al., 2011; Holt & Schuman, 2013). Ribosomes in axonal 

compartment of spinal and hippocampal neurons have only been recently established with 

super-resolution and electron microscopy methods (Hafner et al., 2019; Khalil et al., 2018). 

However, several studies have already proposed the involvement of FUS in axonal translation. 

Murakami et al. showed de novo protein synthesis at axon terminals in presence of FUS in 

cultured neurons of C. elegans (Murakami et al., 2015). Further, in rat hippocampal neurons 

FUS was shown to be localized around synaptic vesicles in the axonal compartment, where a 

putative role of FUS in local translation has been proposed (Schoen, 2017; Schoen et al., 

2016). On the other hand, the control of synaptic proteins at the post-synapse by local 

translation has been well known and accepted. In 2005 Fujii et al., established the presence 

of FUS in the dendritic compartment and further showed that upon synaptic activation by the 

glutamate receptor, FUS translocate to the dendritic spine (Fujii et al., 2005). This was 

accompanied by an increase in the mRNA repertoire indicating the role of FUS in local 

translation at the post-synapse. Hence, FUS seems to have a role in local translation at both 

the pre- and post-synapse, providing a reason for FUS localization at both sites. 

While there is precedence for FUS presence at the synapses, the surprising finding in this 

study was the maturation based change in localization from post- to pre-synapse. However, 

a literature survey shows that FUS seems to have specific functions in both the axonal and 

dendritic compartments. Interestingly, many of the dendritic functions are connected to 

maturation while axonal functions involve controlling synapse plasticity and axonal transport. 

At the dendritic spine in hippocampal neurons, it has been shown that FUS regulates the 

mRNA stability of GluA1 and SynGAP proteins both of which are essential for formation and 

maturation of dendritic spine. FUS stabilizes the mRNA and hence controls the expression of 

GluA1, consecutively stunting dendritic spine maturation (Udagawa et al., 2015). Further, FUS 

deficient mice displayed FTD-like behaviour which could only be rescued by exogenous GluA1 

treatment. In another study, the negative effects of FUS depletion on SynGAP RNA stability at 

the post-synapse have been shown (Yokoi et al., 2017). Being an important modulator of post-

synaptic maturation, a decrease in SynGAP caused the internalization of PSD-95 from the 

spine back to the dendritic shaft reducing the number of mature post-synapses. Some other 

proteins whose local translation at the post-synapse have been proven to involve FUS are the 

actin stabilization protein Nd1-L and β-actin, both of which are crucial in spine development 

(Fujii & Takumi, 2005; Ishigaki et al., 2012). Taken together it is clear that dendritogenesis, 

spine formation and post-synapse maturation is strongly influenced by FUS. This could explain 

the predominant presence of FUS clusters at the post-synapse during the early synaptic 

developmental stage, that I observed in this study.  

The functions associated with FUS in axon and at the pre-synapse are most involved with 

maintaining synaptic plasticity. FUS is significantly involved in moderating axonal transport by 

controlling the mRNAs of microtubule regulators (Ishigaki & Sobue, 2018; Yasuda & Mili, 
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2016). Baldwin et al., showed that in drosophila models expression of mFUS caused defects 

in axonal transport (Baldwin et al., 2016). Interestingly, the decline of transport was more 

severe when mFUS expression was expressed in adult drosophila as compared to when it was 

present in larva. This hints at a more significant role of FUS in matured axons and possibly 

explaining its localization at the axonal terminal in mature synapses, that I observed in this 

study. 

Synaptic translatome is dynamic with development stage specific difference observed in the 

local mRNA population (Fujii & Takumi, 2005; Shigeoka et al., 2016). Considering that 

multitude of synaptic protein transcripts are regulated by FUS, it is probable that the FUS 

localization in the synaptic compartment shows relevant variation based on the requirements 

of these other synaptic proteins. In transgenic mice overexpressing human FUS an age-

dependent effect on memory, learning, and motor-neuronal loss was observed, pointing to a 

changing role of FUS in mature neurons (C. Huang et al., 2011). Development stage specific 

regulation of another RBP Fragile X Mental Retardation Protein (FMRP) in axons, has been 

reported. The main function of FMRP is to repress local translation of its target proteins. In 

mouse hippocampal neurons FMRP shows increased localization levels in axon at embryonic 

stage (when translational suppression mediated by FMRP is required) as compared to post-

natal stage (when active translation is required) (Shigeoka et al., 2016). If such an 

enrichment/depletion of RBPs from the local translation sites is a tactic of controlling specific 

mRNA subsets in neurons, it can explain the variation of FUS localization in synaptic 

compartments observed in this study. Depending on the need of the local translation of 

mRNAs controlled by FUS at different maturation stages, FUS is probably recruited or 

removed from the synaptic compartments.  

 

 

Figure 5.3.11: Models of varying synaptic FUS localization during development. The schematic 
represents two possible mechanisms involved in synaptic FUS re-localization in maturing synapses. (i) 
Based on study of developing neurons the first model explores the possibility of FUS being transported 
to both synaptic compartments but being retained only at the dendrite spine during development and 
at the axonal compartment in mature synapses. (ii) The alternative model proposes a trans-synaptic 
propagation of FUS across the synaptic junction. This would allow FUS to change localization to 
different synaptic compartment based on synaptic maturation. 
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In conclusion the presence of FUS in both synaptic compartment, although in a maturation 

dependent manner, is not surprising as FUS is involved across axodendritic activities. 

Compared to other ALS-related proteins, majority of juvenile and early-onset cases of ALS 

have been associated with FUS linked mutations (Ling et al., 2013; Shang & Huang, 2016). It 

will be interesting to see if the involvement of FUS in synaptic development and its changing 

localization based on synapse maturation has a role to play in this. 

The exact mechanism of change in FUS transport and localization from dendritic spine to 

axonal bouton during maturation is unknown and beyond the scope of this study. However, 

several different methods can be proposed (Figure 5.3.11). The first model deals with the 

possibility of spatiotemporal clustering, wherein FUS transports along both axon and dendritic 

processes but preferentially localizes at the post-synapse during synaptic development and in 

the axonal compartment upon synapse maturation. This mechanism would involve FUS being 

transported through both axons and dendrites at all stages of development. To check if FUS 

is intrinsically transported along dendrites, axons, or both and if neuronal development has 

any impact on it, I conducted a detail analysis of rat MNWT FUS from day 1 of culture to DIV 21 

(Figure 5.3.12). Several embryonic rat derived motoneuron cells samples were cultured in 

vitro and two samples were fixed at DIV of 1, 2, 4, 5, 6, 7, 10, 14 and 21. All samples were 

immunolabelled with FUS, Bassoon(N), axonal marker NF-H and dendritic marker MAP2. A 

post-synaptic marker like Homer1 or PSD95 could not be included due to limited imaging 

channels.  

Microtubule-associated protein is known to associate only with dendrites in all types of 

neurons and hence is commonly utilized as a dendritic marker (Caceres et al., 1984). Axon 

specifically labeled with NF-H were distinguishable from MAP2 labeled dendrites already in 

DIV2 motoneurons, though some thin-caliber neurites still showed labelling for both. Bassoon 

labelling could be detected right from DIV1 and clusters were localized along all neuronal 

processes. In later stages, Bassoon clusters were mostly observed along axons. While in 

mature sample at DIV21 synaptic clusters were clearly visible outside the MAP2 label, 

coinciding with pre-synapse of the synapses forming along the dendrite. This seems to 

indicate that Bassoon is mostly transported along the axons to the pre-synaptic axonal 

compartment. On the other hand, till DIV14 majority of FUS clusters were observed along the 

dendrites while a minor fraction associated with the axonal NF-H. At DIV21 no transport FUS 

punctae were spotted either in the dendrite or axon, only synaptic FUS could be detected 

localizing with Bassoon at the edge of dendrites. It can be inferred from these observations 

that FUS is mainly transported along the dendrites in early developmental stages of 

motoneuron. However, FUS clusters were also observed, albeit with lesser density, along 

axons too. This lends credential to the hypothesis that while FUS is transported and involved 

in both axonal and dendritic functions, it localizes preferentially to immature dendritic spine 

compartments, while clustering at the pre-synapse only in developed synapses. However, due 

to time constraints and sample availability the developmental study was carried out in fixed 

cells and using confocal microscopy. This means that results are subjected to the pitfalls of 

resolution limited microscopy. Hence, a more detailed analysis utilizing super-resolution 

technique would be needed in the future to track the transport of synaptic proteins.  
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Figure 5.3.12: During development FUS associates with both axons and dendrites in primary rat 
motoneurons. Confocal images of primary rat MNWT FUS at culture stages of DIV 2, 5, 14 and 21 labeled 
for - Bassoon(N-terminal) (green), FUS (red), MAP2 (yellow), NFH and DAPI (both blue). The first row 
displays an overview and the lower rows show the magnified area (white box) as merged or single 
channel images. Confocal images acquired at 40x magnification. All scale bars represent 5 µm. Images 
modified from Deshpande et al. 2019, under the Creative Commons Attribution License (CC BY 4.0); 
http://creativecommons.org/licenses/by/4.0/. 

Additionally, a live cell study would definitely give a more comprehensive look at transport in 

neuronal processes. The second model, for a possible mechanism instigating the change in 

FUS localization from dendritic compartment to pre-synapse, explores the possibility of a 

trans-synaptic propagation of proteins (Figure 5.3.11). Other neuronal proteins involved in 

synaptic maturation are known to show transmission between pre- and post-synapse. For 

example in drosophila and mice, activity-regulated-cytoskeleton associated protein (Arc1) 

binds with its own mRNA and forms a capsid-like structure that is transported across the 

synaptic gap by extracellular vesicles (Ashley et al., 2018; Pastuzyn et al., 2018). Further, the 

transported mRNA undergoes translation in the recipient cell synapse. Blocking of this trans-

synaptic transport disrupts synapse maturation underlining the importance of Arc1, a 

contributor to local translation, in both synaptic compartments. If a similar trans-synaptic 

propagation leading to inter-neuronal spread of FUS exists, can be speculated. Interestingly, 

such an FUS spreading mechanism will have far-reaching consequences in what we know 

about ALS disease progression. As mentioned before, FUS along with other ALS-associated 

protein shows prion-like properties, leading to speculation of a prion-like cell to cell 
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propagation mechanism of protein aggregates in ALS patients (Braak et al., 2013). Already in 

the protein TDP-43, which is structurally and functionally similar to FUS, a trans-neuronal 

mechanism of propagation has been seen (Nonaka et al., 2013; J. Ravits et al., 2013; J. M. 

Ravits & La Spada, 2009). Feiler et al. showed a bi-directional TDP-43 transfer from the 

synaptic terminals in cultured cortical neurons (Feiler et al., 2015). So far, no such research 

has been reported for FUS. However, our discovery of change in FUS localization from 

dendritic spine to axonal compartment during development, could hint to the possibility of a 

trans-synaptic FUS transfer. In the future work on this project it will be interesting to use 

microfluidic chambers with unidirectional buffer exchange to investigate if FUS is uptaken by 

either the pre- or post-synaptic compartment. If such a propagation mechanism is discovered 

it would have exciting implications in spread of FUS proteinopathy, whether it depends on 

synaptic maturation, and what consequences it might have on ALS progression. 

In this project Exchange-PAINT was used to simultaneously image three synaptic proteins in 

synapses of motoneuron derived from human iPSC cells. In theory an almost unlimited 

number of targets can be multiplex with this super-resolution technique, restricted only by 

available number of compatible host animals for antibodies. Recently, with a modified version 

of DNA-PAINT method upto nine synaptic targets have been imaged in rat hippocampal 

neurons (S. M. Guo et al., 2019). The capacity of the Exchange-PAINT technique has not been 

fully exploited in this thesis due the substantial time required for optimizing immunolabelling 

using DNA-labelled antibodies. However, with constant improvement in the super-resolution 

optical microscopy techniques, in the future it would be interesting to explore localizations of 

more synaptic protein in motoneurons and how their localizations vary based on synapse 

maturation. 
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5.4. Microtubule disruption in ALS 

The study described here utilizes STED microscopy to research the underlying epigenetic 

aspect in certain cases of ALS disease. This project was undertaken in collaboration with Prof. 

Jochen H. Weishaupt of the Department of Neurology at University of Ulm, Germany. Parts 

of the project are published in the ‘Cellular and Molecular Life Sciences’ journal as Helferich 

et al. (Helferich et al., 2018). 

Analysis of miRNA expression profile in post-mortem samples of patients with sALS and fALS 

showed significant downregulation in miR-1825 (Freischmidt et al., 2014; I. Takahashi et al., 

2015). In subsequent experiments tubulin-folding cofactor b or TBCB was found to be 

translationally upregulated as a consequence of miR-1825 reduction (Helferich et al., 2018). 

TBCB is a chaperon protein, which is involved in microtubule polymerization by controlling 

dissociation of α-tubulin heterodimers. Overexpression of TBCB interferes with the 

microtubule network and can even lead to the disassociation of the entire cellular network 

(Serna et al., 2015). On the other hand, disruption in the neuronal microtubules leading to 

disturbances in axonal transport have been a common observation in ALS patient 

pathogenesis (Khalil et al., 2018; Taylor et al., 2016). Similar results have also been 

reproduced in ALS mouse models. Amongst the many cytoskeleton components with genetic 

mutation indicated in ALS pathology, mutation in the gene encoding tubulin alpha-4A isoform 

or TUBA4A protein has been identified in both sporadic and familial ALS (B. N. Smith et al., 

2014). As TUBA4A is a component of α-tubulin family, an interaction with TBCB was 

suspected. 

To check the association of TBCB with TUBA4A the human embryonic kidney (HEK)  293 cells 

were used as a model system. HEK cells are a commonly used in neurobiological studies as 

they show expression of several neuron-specific genes (Lin et al., 2014). Further, HEK293 cells 

are preferred for studies involving transfection as they show rapid growth and are easy to 

handle. HEK cells were transfected with plasmids encoding TBCB-myc to overexpress TBCB. 

The higher TBCB level in transfected cells were tuned to be comparable to the TBCB 

overexpression levels observed in ALS patient post-mortem tissue. Initial results using co-

immunoprecipitation confirmed an association of TBCB with TUBA4A in both control and 

transfected cells. Additionally, western blot analysis showed a decrease in the TUBA4A 

protein in HEK cells overexpressing TBCB (all the above data is available in Helferich et al., 

2018). 

Finally, to check the morphological effect of reduced TUBA4A on the organization of tubulin 

network, I imaged the HEK cells overexpressing TCBC-myc with STED microscopy. Transfected 

HEK cell samples, grown on precision coverslip, were prepared as detailed in Helferich et al. 

by Dr. Anika M. Helferich (Helferich et al., 2018). Then I carried out the further 

immunolabelling labelling and STED imaging of the samples. The protocol for labelling is 

detailed in Section 3.4.4 with rabbit-anti-TUBA4A (diluted 1:500) and mouse anti-myc (diluted 

1:600) used as primary antibodies. The easier preparation and minimal post-processing 

required for STED microscopy is an advantage for imaging several replicate samples in this 
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study. Additionally, the ~40 nm of resolution offered by STED microscopy was deemed 

sufficient for this project. 

The sample were scanned till a suitable region (ROI) was found and first confocal images were 

captured with a pixel size of 100 nm for both channels. Then the depletion lasers were 

switched on and a super-resolution image for the ROI was acquired, using a pixel dwell time 

of 400 µs and pixel size of 20 nm. The improved resolution offered by the STED technique as 

compared to diffraction limited confocal imaging is illustrated on in Figure 5.4.1. The skein-

like organization of TUBA4A along microtubule structures can be distinguished in the STED 

image but not in the conventional confocal mode.  

 

 

Figure 5.4.1: Improved resolution is offered by STED imaging as compared to the confocal 
microscopy. (A) The same area of TUBA4A (red) labelling in HEK cells is shown here in conventional 
confocal (upper half) mode and with STED imaging. (B) Magnified images (of the white dotted box) 
are shown separately for both imaging modes. The sub-diffraction resolution of the STED method 
allows to distinguish distinct clusters of TUBA4A forming the tubulin structures. Scale bar 1000 nm. 
STED images were acquired at a pixel dwell time of 400 µs and pixel size of 20 nm. 

The HEK cells which were successfully transfected with TBCB-myc could be visualized under 

the microscope by the anti-myc antibody labelling (Figure 5.4.2 A). While, untransfected cells, 

in the same sample, could be identified by the absence of anti-myc antibody signal. In both 

types of cells TUBA4A clusters were observed to be localized in a threadlike pattern possibly 

corresponding to microtubules. A less filamentous and skein-like TUBA4A organization, as 

observed here, has previously been reported in HEK 293 cells. For all the STED images used in 

further analysis a ROI was selected which included both TBCB-myc transfected and 

untransfected cells.  

A closer visual analysis of the images suggested an overall decreased expression of TUBA4A 

in TBCB-myc (+) cells as compared to the control cells. Next, an analysis of STED images was 

conducted to quantify this difference of TUBA4A expression in cells overexpressing TBCB. 
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First, the average number of tubulin cluster localized per µm2 in the HEK cells were evaluated. 

For this purpose, a custom ImageJ macro was written to identify and quantify TUBA4A clusters 

in STED images of cells. Images were first processed with rolling ball algorithm (radius = 50) 

to subtract background and then denoised using linear filtering. Labelled structures in the 

images were then converted to binary masks by applying Isodata thresholding and watershed 

segmentation algorithm (See Section 4.4.8). Finally, the number of binary masks (representing 

TUBA4A clusters) within randomly selected ROI were counted to determine their density.  The 

control cells showed an average of 5.2 ± 0.55 TUBA4A clusters per um2  while the TBCB-myc 

positive cells had a decreased TUBA4A expression with an average of 3.5 ± 0.57 clusters per 

um2 (Figure 5.4.2 B).  

 

 

Figure 5.4.2: Excessive TBCB causes decrease in expression of TUBA4A. (A) Representative STED 
image of HEK cells labeled with anti-myc (green) and TUBA4A (red) is shown as single channel or 
merged image. Cells which are successfully transfected with myc-TBCB (+) show anti-myc antibody 
labelling (green) while non-transfected cells (-) are unlabeled. The myc-TBCB (+) cell is marked here 
with a dotted white line. (B) The dot plot represent the mean and SEM (black bars) of the number of 
TUBA4A clusters localized per µm2. The cells with overexpressed TBCB (+) protein levels have reduced 
TUBA4A expression than untransfected cells (-) with physiological TBCB levels. Data was obtained for 
atleast two measured cells per experiment from five separate biological replicates. Unpaired t-test 
(∗∗p ≤ 0.01) was conducted to compare the two data sets. STED images were acquired at a pixel dwell 
time of 400 µs and pixel size of 20 nm and have been processed with a Gaussian blur for display 
purposes. Data used for analysis was obtained from raw STED images. Scale bars denote 1000 nm. 

Further, detailed analysis of TUBA4A structures showed a reduced and more diffused TUBA4A 

localizations in transfected cells overexpressing TBCB (Figure 5.4.3 A). So, the contour length 
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of the skein-like structure of TUBA4A was quantified next. For this purpose, the continuous 

TUBA4A skein-like structures were marked in the STED images by a blinded investigator not 

connected to the study. The length was then determined by using the built-in “Analysis→ 

Measurement” tool in the ImageJ program. As expected, the TBCB-myc positive cells showed 

significantly reduced length of TUBA4A organization (Figure 5.4.3 B).  

 

 

Figure 5.4.3: TBCB overexpression reduces contour length of TUBA4A organization. (A) STED image 

show skein-like structure of TUBA4A (red) in both TBCB-myc negative (-) and expressing (+) cells. 

Diffused organization of TUBA4A can be observed in transfected (+) cells. (B) The box plots show the 

reduced contour length of continuous TUBA4A structure for TBCB-myc expressing (+) cells as 

compared to non-expressing (-) cells. The boxes represent the 25-75th interquartile ranges, the 

horizontal line marks the median, while the whiskers indicate the minimum and maximum values. The 

dots are the outlier data measurements analysed using the Tukey’s method. Data was obtained from 

atleast two measured cells per experiment from five separate biological replicates. Unpaired t-test 

(∗∗∗p ≤ 0.001) was conducted to compare the two data sets. Scale bars denote 500 nm. STED images 

were acquired at a pixel dwell time of 400 µs and pixel size of 20 nm. Images shown here have been 

processed with Gaussian blur for display purpose, analysis was conducted on raw imaging data. 

Discussion 

The above image analysis indicates a major difference in TUBA4A expression and organization 

between the control and TBCB-myc positive cells. As the untransfected cells have 

physiological TBCB levels while TBCB-myc (+) cells have higher expression levels, it is indicated 

that TUBA4A expression is inversely associated to TBCB. Hence, this study suggests that a 

concomitant reduction in TUBA4A expression is caused by TBCB overexpression in HEK cells. 

Ofcourse, it has to be noted that further image analysis in human derived neurons or post-

mortem samples is required to provide additional confirmation in an ALS context, but is 

beyond the scope of this study. However, the results obtained here support observations 

from other literature sources. TBCB has been reported to be a negative regulator of axonal 

growth (Lopez-Fanarraga et al., 2007), which can also be deduced from the deregulatory 

effect of TBCB overexpression on tubulin assembly observed in the results here.  
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ALS has a diverse array of causative agents converging to similar neuropathological symptoms 

(Gao et al., 2017; J. Ravits et al., 2013). Since different genetic mutations lead to similar 

symptoms, it can be assumed that common molecular pathways must be affected. The study 

detailed here tries to illustrate one such pathway affected by diverse genetic causes but 

producing a similar effect of microtubule disruption, which is observed in ALS pathology. From 

previous literature studies it was shown that TBCB overexpression leads to defects in axonal 

growth cone and stunts the axonal length (Groen et al., 2013). A similar effect has been 

reported in mouse neurons expressing different ALS-related mutations. In other studies a 

destabilization of microtubules was seen in ALS patients with mutation in the TUBA4A gene 

(B. N. Smith et al., 2014). It is also established that ALS patients (with FUS, SOD1 or C9orf72 

mutations) showed miR-1825 downregulation which can indirectly affect TUBA4A, eventually 

disrupting microtubule assembly (Freischmidt et al., 2014; Helferich et al., 2018). Taken 

together a common molecular mechanism affecting microtubule dynamics can be established 

as one of the putative underlying causes of ALS pathophysiology.  

The analysis detailed here is a very good example of how super-resolution can be utilized to 

visualize intricate differences in samples. Procedures such as western blots and RT-PCR can 

be used to determine down/up-regulation of proteins in cells. However, imaging methods 

provide the easiest technique to determine specifics of structure and protein organization. 

Here, the skein-like assembly and the disrupted organization of TUBA4A as a result of TBCB 

overexpression, could be easily determined by STED imaging. 
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6. Super-resolution microscopy applied in the study of tuberculosis: 

Effect of antimicrobial peptide LL-37 on Mycobacterium 

tuberculosis 

6.1. Background 

In this project I have applied super-resolution microscopy techniques to studying the action 

of antimicrobial peptide LL-37 on Mycobacterium tuberculosis (Deshpande et al., 2020). 

Tuberculosis (TB) is the cause of one of the major health crisis facing the world today, with 

approximately 1.5 million death each year attributed to the disease (Houben & Dodd, 2016). 

The underlying etiologic agent is the bacteria Mycobacterium tuberculosis (Mtb) which, apart 

from being extremely infectious, can remain dormant in carrier individuals and pose a life-

time risk. About 25% of the world’s population is suspected to be latently affected by 

Mycobacterium tuberculosis which can act as a reservoir for future infections (L. Huang et al., 

2019). Though drugs like isoniazid and rifampicin are currently available for treatment, there 

is an advent of multidrug-resistant (MDR) strain of the bacilli complicating the treatment. 

Extensively drug-resistant TB or XDR-TB, which shows further resistance to most second-line 

antibiotics, has also emerged in recent years (Gandhi et al., 2012). This poses a severe threat 

to the global public health system’s combat against the TB epidemic. An overuse or improper 

use of antibiotics are the main reasons drug-resistant strain have emerged. Hence, though 

additional antibiotic treatments for MDR-TB are in development, they still fail to address the 

fundamental challenges of drugs treatments. The drug-based therapies are expensive, 

requires long dosage duration, and involves toxic side-effects causing a lack of patient 

compliance (Dye et al., 2002; Tanner et al., 2019). Hence, alternative treatment strategies to 

counteract TB, such as antimicrobial peptides (AMP), are being actively researched. 

AMPs are small peptides which are an integral part of the human innate immune system. Also 

termed as host defense peptides they show a broad range of application against pathogens. 

Further, as they are produced naturally by the body they display low immunogenicity making 

them an ideal therapeutic agents (Le et al., 2017). Multiple AMPs are expressed in the human 

body, with peptides present in the lung showing activity against mycobacteria. Cathelicidin is 

one of the conserved families of peptides which shows potent antimycobacterial activity (Dürr 

et al., 2006; Vandamme et al., 2012). The only AMP from this family expressed in humans is 

called the human cationic antimicrobial peptide 18 kDa (hCAP18) and is encoded by CAMP 

gene. It is induced in a vitamin D dependent pathway which is triggered by bacterial ligands 

(P. T. Liu et al., 2006). Individuals with reduced capacity to produce this peptide or with 

Vitamin D deficiency tend to be susceptibility to primary Mtb infections (Torres-Juarez et al., 

2015). hCAP18 are synthesized and stored in granules of epithelial cells from where they are 

secreted and C-terminal is cleaved off by protease-3, upon immune-activation (Sørensen et 

al., 2001; van Harten et al., 2018). The cleaved active C-termini sequence is called LL-37 and 

shows cytotoxic antimycobacterial activity (Figure 6.1.1). 

 



6. Super-resolution microscopy applied in the study of tuberculosis 

109 

 

 

Figure 6.1.1:  Processing of Cathelicidin to LL-37. The schematic gives an overview of LL-37 generation 
from the hCAP18 proprotein. The green highlighted text shows the position at which TAMRA dye is 
attached in order to visualize the peptide with fluorescence microscopy in this study. 

Mycobacterium are a class of Gram-positive bacteria many of which are serious human 

pathogens. Mycobacterium tuberculosis are non-motile and non-sporulating rod-shaped 

bacteria with an approximate length of 1-4 µm and a width of 0.4-0.5 µm (Sakamoto, 2012). 

It is a slow growing pathogen with an average in vitro division rate of 16 h while a varying 

growth rate is reported in infected humans (Beste et al., 2009). Mtb is normally transmitted 

by aerosol particles and after inhalation by the human host ends up in the lower respiratory 

tract. The bacterium is phagocytosed by alveolar macrophages which are the resident 

macrophages in lungs (Bussi & Gutierrez, 2019; Pieters, 2008). Mtb internalized by 

phagocytosis is encased in a phagosome and is delivered through a series of steps into the 

cell. In normal phagocytosis, phagosomes ultimately fuse with lysosomes to form 

phagolysosomes. This exposes enclosed cargo in the phagolysosome to an acidic and 

hydrolytic environment leading to eventual degradation. This method of protecting the cell 

from harmful material or pathogens is termed autophagy (Paik et al., 2019). But Mtb manages 

to subvert the autophagy process of phagosome maturation and avoids lysosomal fusion. Mtb 

containing phagosome is a unique compartment with low acidity, a lack of lysosomal 

hydrolytic enzymes and excludes several endosomal markers required for phagosome 

maturation (Clemens & Horwitz, 1996; Guirado et al., 2013). 

Mycobacterium have a thick cell wall outside a plasma membrane. Due to its complex 

structure the exact architecture and composition of the cell wall has not yet being completely 

characterized (Gutsmann, 2016; Silva et al., 2016). It is known that the cell wall is divided into 

an internal peptidoglycan sheet followed by a middle layer composed of arabinogalactan 

attached with mycolic acids. The outermost layer is a symmetric structure with a thickness of 

6-11 nm,  composed mostly of glycolipids and lipoglycans. The bacterial cell wall, acts as an 

impermeable barrier conferring antibiotic and antimicrobial resistance. Resistance is reported 

to be conferred by the glycolipids which play an important role in undermining the host 

immune responses. Lipoarabinomannan or LAM is one of the most abundantly present 

glycolipid in the cell envelop of Mtb with potent virulence property due to its 

immunomodulatory and anti-inflammatory effects. While inside the macrophages LAM is 
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reported to be a strong inhibitor of autophagy (Fratti et al., 2003; Shukla et al., 2014). An 

additional barrier decreasing permeability for external compounds is created by mycolic acid 

molecules and their interaction with the outermost layer which create hydrophobicity in the 

cell wall.  

The arresting of phagosome maturation and the tough cell wall of Mtb make them difficult 

targets for therapies. However, LL-37 have been shown to be effective against both extra- and 

intracellular Mtb, making it one of the few strategies to counteract TB. The mechanism of 

AMPs interaction and activity against Mtb is still under research but several mode-of-action 

have been proposed. It has been reported that compared to other mycobacteria such as M. 

smegmatis and M. bovis BCG, the killing effect of LL-37 on Mtb takes much longer incubation 

in studies conducted in vitro. This might arise due to disparity in the cell wall of the different 

bacterial species and hence, argues to a cell membrane interaction based mechanism of LL-

37 (Hancock & Sahl, 2006; Silva et al., 2016). The three models have been generally proposed 

depending on the mode of AMPs interaction with the membrane which eventually leads to 

cytoplasmic leakage and death of Mtb. These are - 1) The ‘barrel-stave model’ : Pores in 

membrane formed by membrane induced barrel-shaped assembly of the peptide with the 

hydrophobic surfaces lining the interior of the membrane. 2) The ‘carpet-model’ proposes 

that the peptides create a layer (carpet) around the bacterial membrane causing increased 

surface tension leading to a complete membrane disruption. 3) ‘toroidal model’ proposes 

formation of trans-membrane channels by bending the membrane due to electrostatic 

interaction of peptides with the membrane lipids. The other mechanisms which have been 

discussed in literature include a direct fatal interaction with bacterial cellular processes 

without membrane disruption (W. Aoki et al., 2013). Autophagy pathway has been another 

mechanism allocated to the cytotoxic effect of LL-37 on Mtb (Gutsmann, 2016). Phagosomal 

maturation induced by LL-37 leading to bacterial inhibition has been reported in human 

monocytes (Yuk et al., 2009). However, which of these several proposed mechanism or their 

interplay are responsible for Mtb inhibition is still under debate. 

In this study, I have investigated the interaction of LL-37 with both external Mtb and in 

infected human macrophages containing intracellular Mtb, using super-resolution 

microscopy. The dimensions of the mycobacteria make it necessary to use a sub-diffraction 

imaging technique. Additionally, to image true colocalization of peptide and bacteria within 

the cellular vesicles of macrophages a higher resolution than that offered by confocal 

microscopes is required. 

6.2. Effect of LL-37 on extracellular bacteria 

This project was undertaken in collaboration with Prof. Steffen Stenger, Institute of Medical 

Microbiology and Hygiene, University Hospital Ulm, Germany. In the protocols mentioned 

below the cell culture, LL-37 application procedures, and the PFA fixation steps were 

conducted by Mark Grieshober1, Institute of Medical Microbiology and Hygiene, University 

 
1 As handling of live human pathogen Mtb requires special trained personnel. 
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Hospital Ulm, Germany. While the remaining steps including coverslip preparations, 

immunolabelling, imaging and analysis were done by me. 

The first aim of the project was to establish and optimize a system to culture and label 

bacterial cells and human monocyte derived macrophages (hMDMs; hereafter referred to 

directly as macrophages), as to be conducive for super-resolution imaging specifications. The 

Mtb bacterial cell are known human pathogens and hence needed to be handled in a safety 

level 3 lab (S3 lab in Germany). The established protocol of Mtb (ATCC 27294) cell culture in 

short includes, culturing cells in suspension with 7H9 medium (7H9 BBL Middlebrook broth, 

0.2% glycerol, 10% oleic acid-albumin-dextrose-catalase and 0.02% Tween 80 in ddH2O; pH 

7.2-7.4) at 37 °C for 3 days (Deshpande et al., 2020). For extracellular bacterial culture Mtb 

cell were treated in suspension with LL-37 solution for the desired time, washed with 1X PBS 

for three times to remove excess peptide, and then cells were fixed with 4% PFA. As described 

before, electron microscopy grade PFA was found to be best suited for minimal background 

in super-resolution imaging. Bacterial viability tests were conducted to confirm that using 

electron microscopy grade PFA was equally efficient in killing bacteria (for safety purpose) as 

general PFA (used normally by the collaboration partners). After fixation with PFA, bacterial 

cells were ready for plating with approximately 2·107 cells plated per coverslip (18 mm 

diameter, high precision glass coverslips). Initial trials involved plating Mtb cells directly on 

glass surface which is optimal for super-resolution labelling. However, cells seeded on glass 

showed high detachment during the immunolabelling protocol. Hence, coverslip coating 

techniques with different concentrations of poly-l-lysine (PLL) and laminin were tried to find 

an ideal technique to adhere bacterial cells to the glass surface. The best results were 

obtained from coating with PLL diluted 1:50 in ddH2O and this method was used throughout 

this study. 

A commercially available LL-37 labeled with a TAMRA (TMR) dye at the N-terminal end was 

utilized to visualize the peptide activity in vitro by imaging (Figure 6.1.1). A proliferation assay 

of external Mtb was conducted by our collaborators where they quantified bacterial survival 

by measuring incorporation of 3H-labelled uracil in replicating bacterial cells. The assay 

revealed that with a concentrations of 11 µM of LL-37-TMR showed around 80% of cytotoxic 

antimicrobial activity against extracellular Mtb cells after 3 days treatment. However, when 

cells treated with this concentration were imaged on the microscope, excessive fluorescence 

signal was observed which is not ideal for obtaining optimal resolution. Hence, several 

dilution were tested and a concentration of 22 nM of LL-37-TMR was utilized in this study. 

Before imaging, samples were mounted in 97% TDE buffer and sealed onto a coverslide for 

STED microscopy (Section 4.4.6). For dSTORM, samples were placed in 1X PBS for storage and 

were mounted in Oxygen scavenger buffer just before measurement (Section 4.2.4). It was 

observed that after mounting, TMR fluorescence signal could not be sustained for longer than 

3 days and hence, samples were immediately measured after fixation and labelling. 

Initially, samples were measured by both the STED and dSTORM techniques in order to decide 

which was more suitable for this project. To visualize cells, Mtb were labeled with anti-LAM 

antibody and images obtained from both STED and dSTORM microscopes were compared 
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(Figure 6.2.1). Immunolabelling of the surface glycolipid LAM has been commonly used to 

visualize Mtb under optical fluorescence microscopes.  

 

 

Figure 6.2.1: LAM localization in the cell wall is resolved by super-resolution imaging. Extracellular 
Mtb bacterial cells were labeled with anti-LAM antibody (red) and then imaged with different 
techniques. Representative images highlighting the difference between conventional fluorescence 
microscopy and super-resolution techniques are shown here. (A) A comparison between confocal and 
STED acquisition mode shows the advantages of higher resolution. The unlabelled bacterial lumen has 
dimensions below the diffraction limit and hence cannot be resolved with confocal imaging. (B) The 
example Mtb cells shown here are from a YZ-scan (across the white dotted line shown in panel A) with 
confocal and 3D- STED (STED-XYZ) imaging. The improved axial resolution obtained with 3D-STED is 
demonstrated here. Both confocal and STED images were acquired at a pixel dwell time of 300 µs and 
pixel size of 20 nm. (C) Widefield and SMLM image obtained by dSTORM technique are compared. 
Similar to the STED visualization, in the SMLM image sub-diffraction resolution also shows an 
unlabelled lumen and LAM molecules localized only at the cell periphery. Both sub-diffraction 
techniques provide sufficient resolution to visualize cell wall labelling in Mtb. However, with the 
dSTORM measurement bacterial cells show frequent detachment during image acquisition, making 
STED a more suitable technique for this analysis. The images shown here have been processed with 
Gaussian blur for display purpose. All scale bars represent 500 nm. Image modified from Deshpande 
et al. 2020, under the Creative Commons Attribution License (CC BY 4.0); http://creativecommons 
.org/licenses/by/4.0/. 

It was additionally interesting for this study to label a cell wall component, as one of the aim 

was to see if LL-37 has a direct interaction with the bacterial cell wall. The confocal images 

showed a rod-shaped bacteria almost homogenous labeled with the anti-LAM antibody 

(Figure 6.2.1 A). Further sub-diffraction level details were revealed in the 3D-STED (or XYZ-

STED) image, where the LAM labelling was localized only along the outer rim of the bacteria 

while the interior was unlabelled. The cell wall labelling was further confirmed in the xz-scan 

of the cell. As the bacteria cell has width of less than 300 nm, cell wall specific localization of 

LAM labelling was not obvious in the confocal images. In the images obtained from the SMLM 

microscope setup, as was expected dSTORM images resolved much more details compared 

to normal widefield microscopy (Figure 6.2.1 B). The dSTORM images were recorded for 30,00 
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frames with 20 ms exposure time and EM-gain of 200. Frames were then post-processed using 

2D-Gaussian fitting in FIRESTORM. In concurrence with STED, dSTORM images also showed 

similar localization of LAM along the outer envelope of the bacteria, while the lumen was not 

labeled.  

 

 

Figure 6.2.2: LL-37 peptide causes cell wall disruption in extracellular Mtb. (A) The STED images here 
show representative extracellular Mtb, treated with LL-37-TMR (green) for 5 or 30 min and then 
immunolabelled with anti-LAM antibody (red). LL-37 localized in the bacterial envelope is seen after 5 
min of LL-37 application. The cell incubated for 30 min shows disrupted cell wall (white arrow). Both 
samples do not show precense of LAM (red). Both confocal and STED images were acquired at a pixel 
dwell time of 300 µs and pixel size of 20 nm. (B) SMLM images shows a Mtb cell with LL-37 embedded 
in the cell wall after 5 min incubation. The LAM (red) signal appears as disrupted clusters outside the 
cell periphery. The images shown here have been processed with Gaussian blur for display purpose. 
All scale bars show 500 nm. Images modified from Deshpande et al. 2020, under the Creative 
Commons Attribution License (CC BY 4.0). 

Next, to check the action of LL-37 on external Mtb, bacterial cells were incubated with the 

TAMRA labeled peptide, for varying (between 5-60 min) time duration. Cells were then fixed 

with PFA and immunolabelled with anti-LAM antibody. An overview of the samples showed 

that samples incubated from 5 min to upto 20 min with LL-37 still showed the presence of 

numerous bacterial cells. For the samples with 30 min incubation only a few cells could be 

visualized. While, for incubation time longer than 30 min, no bacterial cells were visible within 

the sample. In the STED images of samples simulated for 5 min, the LL-37 was localized within 

the cellular membrane of the bacteria, while the cellular lumen was clearly not labeled, 

indicating peptide uptake and localization in the bacterial membrane (Figure 6.2.2 A). 
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However, after 30 min of treatment the LL-37 signal was observed to have penetrated deeper 

into the bacteria cell. Additionally, LL-37 clusters could be visualized around the bacterial cell 

indicating fragments of the disrupted cell wall (white arrow, Figure 6.2.2 A). Intriguingly 

almost none of the Mtb samples treated with LL-37 showed presence of LAM in the cell 

membrane. This experiment was repeated two more times, for 5 and 30 min LL-37 exposure, 

and a minimum of 10 cell were imaged per sample. From this trial I was able to detect only 

one cell, incubated with LL-37 for 5 min, where LAM labelling was visible. The SMLM super-

resolution image of this cell showed LL-37 localized in the bacterial membrane, while LAM 

fragments were visible on around the membrane (Figure 6.2.2 B). Taken together our results 

demonstrate that after the initial uptake into the bacterial cell wall, LL-37 interacts with the 

LAM molecules preventing their immunolabelling with the anti-LAM antibody, subsequently 

causing a disruption in the bacterial membrane. 

After comparison STED imaging was determined to be more suited for measuring Mtb cell for 

the following reasons – 1) The STED setup allowed 3D-STED imaging which granted an 

improved z-resolution. A 3D imaging facility was not yet available on the SMLM setup when I 

started this project. Improved 3D resolution was especially important for imaging bacterial 

cell with dimensions smaller than the confocal axial resolution. 2) It was easier on STED 

confocal setup to adjust the z-position of the focal plane while imaging. This allowed me to 

acquire images from a preferred cross-section of a cell. This was useful to visualize the interior 

of the cell, as images obtained from the top/bottom edge of the cell would only show the cell 

wall surface and not the lumen, giving only partial information. 3) Lastly many bacterial cells 

showed detachment in the oxygen scavenger buffer; probably due to the mounting procedure 

in liquid buffer required in the dSTORM protocol. 

6.3. Internalization of LL-37 in macrophages and its effect on intracellular bacteria 

After having established that the LL-37 peptide has a direct mode of action on the cell wall of 

external Mtb, the next aim was to check the effect of LL-37 on bacteria phagocytized by 

macrophages. 

The first objective was to establish a protocol to culture macrophages and optimize imaging 

of this sample on the STED microscope. The generation and culture of human derived 

macrophages required a safety level 2 lab (S2 lab in Germany) and was done by Mark 

Grieshober 2. The protocol for the same is mentioned here in brief. Human macrophages were 

obtained from peripheral blood mononuclear cells (PBMC) isolated from anonymous human 

donor blood. Monocytes were purified from the PBMCs and maintained in macrophage 

growth media (RPMI 1640, supplemented with L-glutamine, 2 mM 4-(2-hydroxyethyl)-1-

piperazine-ethane-sulfonic acid, 100µg/ml Penicillin/Streptomycin and 5% human serum). 

The macrophages were stimulated for immune activation with granulocyte-macrophage 

colony stimulating factor for 6 days. While in the original protocol macrophages were grown 

on a commercial polypropylene chamber slides, this was not conducive to the super-

resolution microscope setup. Hence, for this study 5·106 cells were cultured on a high 

 
2 As handling of primary human macrophages requires special trained personnel. 
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precision glass coverslip placed in an 8-well culture plate. Next, the immunolabelling and 

mounting procedure was optimized for visualizing macrophages with SRM (detailed in Section 

3.4.6 and 4.4.6). One of the problems encountered in the macrophage culture was the 

discrepancy in cell quality and attachment observed in some preparations. Different surface 

coating techniques were tried out (Appendix C.2) on the glass surface of the coverslip to check 

if it influenced the cell attachment. Macrophages showed the best attachment and uniform 

cell spreading on 1.5% PVA substrate in the first trial. However, in another separate trial none 

of the coated surfaces or the uncoated glass coverslip showed sufficiently good cell 

attachment. Hence, it was deduced that the variation in macrophage culture quality could be 

assigned to the dissimilarity in PBMCs quality which in turn was dependent on the blood 

donor. As the cells obtained from one blood sample could only be used for a few experiments, 

this study was conducted on macrophages derived from several different donors. While most 

macrophages showed sufficient adherence to the uncoated glass surface, some donor 

cultures exhibited irregular shaped or necrotic cells. Such samples were discarded and have 

not being included in the analysis. 

 

 

Figure 6.3.1: LL-37 internalized by macrophages is localized in cellular vesicles. Human macrophages 
were incubated with LL-37-TMR for 5 or 30 min and then imaged with confocal or STED technique. (A) 
After 5 min no uptake or definite LL-37 structures could be observerd in the STED image. (B) 
Macrophages incubated for 30 min showed LL-37 internalization and organization into rounded 
structures. The zoomed (crop marked with white dotted box) images show that while LL-37 structures 
appeared to be globular clusters in the confocal images, the higher resolution STED images revealed 
a donut-shaped organization. The donut-shape probably corresponds to a cellular vesicle with the LL-
37 localizing in the vesicular membrane. Scale bar shows 1000 nm for overview and 500 nm for the 
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zoomed crop. All images shown here have been processed with Gaussian blur for display purpose. 
STED images were acquired at a pixel dwell time of 300 µs and pixel size of 20 nm. 

In order to be able to interact with intracellular bacteria, LL-37 would have to pass through 

the macrophage membrane and then reach the cellular compartments where Mtb are 

secluded. Hence, after having established a macrophage culture the first experiment was to 

test the uptake and localization of the AMP in control (non-infected) macrophages. To this 

end 11 µM of LL-37-TMR was applied to human macrophages for 5 or 30 min, after which 

excessive peptide was removed with PBS wash and samples were imaged on the STED setup. 

In images obtained in samples with after 5 min incubation, a few LL-37 clusters were 

observed, however no clear cellular uptake or localization could be discerned (Figure 6.3.1 A). 

However, in the cells incubated for 30 min with LL-37, internalization and intracellular 

clustering of the peptide was observed. STED imaging further revealed that the internalized 

LL-37 was organized in a donut shaped pattern, with a clear non-labeled lumen (Figure 6.3.1 

B). The donut shape localization pattern was though to probably corresponded with some 

cellular vesicles, with the peptide embedded in the membrane.  

As one of the suspected mechanism of peptide uptake is through the endocytotic pathway, I 

decided to check if internal LL-37 could be localized in endosomes. In order to visualize the 

endosomes, samples were immunolabelled with anti-EEA1 antibody. EEA1 is a specific marker 

for early endosome membrane and is present in the endosomal membrane. STED images 

showed that EEA1 vesicles show a good co-localization with LL-37 (Figure 6.3.2 A). While a 

few endosomes showed absence of peptide (endosomes with only red signal in Figure 6.3.2 

A), no vesicles labeled only with LL-37 were detected. This suggests that all internalized LL-37 

is transported to endosomes in control uninfected macrophages atleast in in vitro culture 

conditions. Furthermore, as EEA1 is a membrane marker and co-labeled vesicles showed the 

presence of an unlabelled lumen, it could also be further concluded that internalized LL-37 

was localized in the endosomal membrane. 

After establishing a LL-37 uptake in control cultures, the next step was to check the effect in 

Mtb infected macrophages. For studying intracellular Mtb, about 5·106 plated macrophage 

cells were infected with bacteria (multiplicity of infection MOI = 50) for 2 h in macrophage 

medium and afterwards excess extracellular bacteria were removed with three PBS washing 

steps. In order to visualize internalized bacteria, to check for a successful infection, in a trial 

run Mtb cells were labeled with Atto 647N dye (1 μg/mL) by NHS-ester reaction, prior to 

infection. The NHS-ester functionalized dye generally label primary amine which can be found 

on the surface proteins of the bacteria (Beatty & Russell, 2000). In the samples I measured 

the dye was seen localized along the cellular entire surface and also in the bacterial cell 

interior (Figure 6.3.2 B). The STED images showed no un-labeled lumen as was seen, for 

example, when there was only surface labelling in case of LAM (Figure 6.2.1 A). As the aim of 

this trial experiment was just to visualize intracellular bacterial cells with Atto 647N direct dye 

labelling and not to derive more mechanistic information, further optimization of NHS-ester 

based direct labelling of Mtb was not done. It could be established, by this trial experiment, 
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that almost all observed Mtb internalized by macrophages did not show co-localization with 

EEA1 in our measured samples. 

 

 

Figure 6.3.2: LL-37 localizes to the endosome in cells and shows additional localization in 
phagosomes of infected macrophages. (A) Primary human derived macrophages were exposed to LL-
37-TMR overnight and immunolabelled for early endosome markers. The STED images show 
colocalization of LL-37-TMR and EEA1 in early endosomes. In the zoomed crop it can be seen that both 
the peptide and protein localize within the endosomal vesicular membrane. Some EEA1 labeled 
vesicles without LL-37 signal can also be spotted. But no vesicle with just the peptide signal were 
detected, showing that all internalized LL-37 is secreted into endosomes. (B) In another experiment, 
macrophages were infected with Mtb labelled with NHS-ester-Atto-647 dye. The macrophage culture 
was then later immunolabelled with anti-EEA1 antibody. An example image of a internalized dye-
labelled Mtb in macrophages is shown. In the infected macrophage cell EEA1 labeled endosomes show 
a comparable morphology to those observed in uninfected macrophages. (C) Primary human derived 
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macrophages were infected with Mtb and then exposed to LL-37-TMR overnight before beign 
immunolabelled with anti-EEA1 antibody. In these infected macrophages LL-37 peptide shows 
localization within vesicular membrane of EEA1 labeled endosomes. Most vesicles show morphology 
comparable to that observered in uninfected control samples. However, some larger EEA1 labelled 
vesicles can be additionally observed in the infected sample. A zoomed crop of one such large 
structure shows that the dimensions of the elongated vesicles match that of a Mtb cell. Scale bar 
denotes 500 nm in all images. STED images were acquired at a pixel dwell time of 300 µs, pixel size of 
20 nm and have been processed with Gaussian blur for display purposes. Image modified from 
Deshpande et al. 2020, under the Creative Commons Attribution License (CC BY 4.0) ; http://creative 
commons.org/licenses/by/4.0/. 

Finally, to check if endosomes are involved in peptide and Mtb interactions, I imaged infected 

cells incubated with LL-37 and immunolabelled with anti-EEA1 antibody. Similar to the control 

cells in the infected macrophages LL-37 vesicles colocalized with the EEA1 signal, indicating 

an endosomal association of the peptide (Figure 6.3.2 C). Most of the vesicles co-labeled with 

both EEA1 and LL-37 showed morphology and distribution in infected macrophages, 

comparable to control cells. However, a few vesicles showed an elongated size, different than 

the rounded smaller structures of endosomes detected in control cells. The morphology and 

dimensions of the elongated vesicles were comparable to a Mtb cell.  

To get an overview of the differences in the EEA1 labeled vesicle in control and uninfected 

cells, I compared their dimensions within both samples. This could be easily quantified with 

great accuracy using sub-diffraction STED images. In the first trial run, I manually marked all 

EEA1-labeled vesicles in the STED image of one representative cell each of both control and 

infected LL-37 treated macrophages (Figure 6.3.3 A-B). The images were then converted, 

using an ImageJ, to binary images and the outline of the labeled vesicle membrane was 

detected by generating masks (Section 4.4.8). An example of the two vesicle outlines is 

demonstrated in Figure 6.3.3 C. The perimeter of all the marked vesicles was then calculated 

and compared. The results showed that the infected cells had about 73% of vesicles with 

similar dimensions to the normal endosomes detected in control cells (Figure 6.3.3 D). The 

infected cells also had an additional population of EEA1 labeled vesicles with almost twice the 

size. 

Further, to get an unbiased overview the analysis was automated, with a custom written 

ImageJ macro, to include all EEA1 labeled structures. In brief, EEA1 labelled vesicle were 

automatically identified by processing the STED images with rolling ball algorithm (radius = 

50) to subtract background, then denoised images using linear filtering, subsequently 

segmenting data by applying Isodata thresholding and finally converting the pixels above the 

threshold value into binary masks (see section 614.4.8). Each binary mask represented a 

labelled vesicular structure and morphological characteristics of the vesicles like area could 

be calculated by analysing the masks. The perimeter of EEA1 labelling and the area of the 

endosomes were determined for four cells each of the control and infected macrophage 

samples obtained from atleast two biological replicates.  



6. Super-resolution microscopy applied in the study of tuberculosis 

119 

 

 

Figure 6.3.3: Infected macrophages show elongated EEA1 labelled vesicles. (A-B) In a representative 
image each of control (A) and Mtb infected (B) macrophage cell, all EEA1 labeled vesicles were 
manually marked with as region-of-interest (ROI, yellow boxes) in ImageJ program. (C) The 
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fluorescence signals inside the ROIs were converted into binary masks, marking the EEA1 labeled 
vesicular membrane. Example mask generated for EEA1 labeled vesicle is shown from each sample 
(marked with the red box in the overview image). (D) The length of the mask perimeter was calculated 
for all ROIs. Comparing the values acquired from the two samples show that the infected sample has 
a few vesicles with comparatvely large sizes. (E-F) This analysis was repeated in four cells each from 
control and infected macrophage samples, wherin endosomes were selected by automatic 
thresholding. (E) The area bounded by the mask outlines (area of the vesicle) was calculated and all 
values above 10000 nm2 are displayed here in a scatter plot. (F) The perimeter length data of the 
masks is also represented in a scatter plot. Scale bar represents 500 nm. For statistical significance a 
Student’s t-test for unpaired samples (shown by ∗ ) was conducted to compare control vs. infected 
macrophage data. ∗p ≤ 0.05, ∗∗p ≤ 0.01 and ∗∗∗p ≤ 0.001. All data processing was conducted with raw 
images.  Image modified from Deshpande et al. 2020, under the Creative Commons Attribution License 
(CC BY 4.0); http://creativecommons.org/licenses/by/4.0/. 

A problem with the automatic detection was that several endosomes in the cells had centres 

out of the imaging plane and were only partially visible. This gave a false impression of the 

endosomes having smaller dimensions. Hence, to filter out such structures a minimum cut-

off value of 10000 nm2 for vesicular area was implemented. This value is based on the minimal 

dimensions (diameter approximately 100 nm) of early endosomes calculated from electron 

microscopy images in other publications (Huotari & Helenius, 2011). The resultant area and 

perimeter values for all EEA1 labeled vesicles were derived (Figure 6.3.3 E, F).  

The automatic analysis confirmed that larger EEA-1 labeled structures are present in the Mtb 

infected macrophages, compared to non-infected control cells. In phagocytic cells, such as 

macrophages, phagosomes are generated to enclose foreign bacteria. Phagosomes, apart 

from a larger size, shares similar membrane morphology and luminal composition with an 

endosome (Pieters, 2008; Vieira et al., 2002). Further, during the process of phagosome 

maturation they acquire EEA1 protein which is embedded in the membrane (Koul et al., 2004). 

Hence, it can be deducted that the larger EEA1 labeled structures in infected macrophages 

likely correspond to phagosomes. After internalizing pathogens, phagosomes eventually fuse 

with lysosomes to form phagolysosomes. Inside the phagolysosomes, pathogenic particles 

are exposed to the acidic lumen derived from lysosomes, which eventually results in their 

degradation. However, Mtb are capable of blocking the maturation of phagosomes and hence 

subverting their fusion with the lysosomes (Yuk et al., 2009). The phagosome maturation 

process requires recruitment of several membrane proteins. One of the early steps involves 

recruitment of EEA1 to the phagosome membrane either by fusion with endosome vesicles 

or directly from the cytosol. In the phagosomal membrane, EEA1 acts as a regulator of 

vesicular protein trafficking and the presence of EEA1 is vital to trigger fusion with lysosomes 

(Koul et al., 2004; Vieira et al., 2002). However, the mycobacterial phagosomes exclude EEA1 

protein and this is one of the contributing factor in autophagy evasion (Fratti et al., 2001). The 

presence of EEA1, observed here in my experiments, in the mycobacterial phagosome 

membrane of the LL-37 treated macrophages (Figure 6.3.2 C), could point to re-instigation of 

autophagy. This is also supported by the fact that no EEA1 labeled membrane surrounding 

the Mtb were seen in the untreated macrophages, where the EEA1 recruitment into the 

phagosomal membranes could have possibly be blocked by the bacteria (Figure 6.3.2 B). 
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Autophagy is one of the potential processes of intracellular killing of Mtb that was indicated 

in our samples. However, I had also previously observed a direct activity of LL-37, by cell wall 

disruption, on external Mtb (Section 6.2). So, the next step was to check if this direct mode of 

LL-37 action was also contributing in killing of bacteria internalized by macrophages. To verify 

if intracellular bacteria can be labeled with LAM, a trial sample of infected macrophages was 

immunolabelled with anti-LAM and anti-α-tubulin antibodies. The α-tubulin labelling helped 

to visualize the cell boundaries to confirm that the bacteria are indeed internalized. As shown 

in a representative image (Figure 6.3.4 A) macrophages showed the presence of rod-shaped 

Mtb immunolabelled with LAM at the bacterial cell periphery. A quick overview of several 

samples showed that as expected Mtb could be detected in only less than half of the infected 

macrophages, with about 1-3 bacteria detected per cell. 

Finally, macrophages infected with Mtb were treated overnight with LL-37, immunolabelled 

for LAM and measured on the STED microscope. As expected, macrophages showed LL-37 

vesicles similar to those observed in control samples. Moreover, in a few of the macrophages 

fragments of LAM labelling were observed colocalizing with LL-37 vesicles (Figure 6.3.4 B). 

The LAM fragments are presumably residues of Mtb cell wall disrupted by LL-37 action. 

 

 

Figure 6.3.4: LAM labelled cell wall of intracellular Mtb is disrupted in presence of LL-37. (A) The 
STED image shows a macrophage visualized by α-tubulin (cyan) network.  A single Mtb labeled with 
NHS-ester tagged Atto647N dye (magenta) can be seen inside the macrophage. The zoom shows Mtb 
with the LAM organization at the cell periphery showing the intact rod-like shape. (B) The STED images 
show LAM fragments colocalizing close to LL-37-TMR vesicles in Mtb infected macrophages. There 
were no intact cells observed in the infected macrophage samples after LL-37 treatment. STED images 
were acquired at a pixel dwell time of 300 µs and pixel size of 20 nm. The images shown here have 
been processed with Gaussian blur for display purposes. Scale bar represents 1000 nm in overview 
and 500 nm in the zoomed crop. 
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6.4. Discussion 

The difficulty in labelling cell wall lipid LAM in the extracellular bacteria after LL-37 treatment 

indicates a specific interaction of the peptide molecules with the cell wall components. A 

similar disruption of LAM labeled cell wall was also observed with phagocytized Mtb in 

macrophages treated with LL-37. Such a direct disruptive activity of AMPs against Mtb has 

been reported by various publications previously (Fabisiak et al., 2016; van Harten et al., 

2018). For example, an electron microscopy analysis detected thinning of bacterial cell wall in 

Mtb H37Rv samples treated with LL-37 and other derivative synthetic peptides (Rivas-

Santiago et al., 2013). The LL-37 peptide has an α-helical structure which folds into 

amphipathic structures upon contact with cellular membranes. This allows peptides to insert 

into the hydrophobic interiors of the bilayer and permeabilize the membrane. However, the 

exact effect following peptide penetration is still under debate. The first proposed mechanism 

is that membrane permeabilization disturbs the physical integrity of the bilayer eventually 

killing bacteria. Alternatively, it has been proposed that the membrane penetration is just 

means for the peptide to reach the bacterial cytoplasm and affect internal targets like DNA 

(Hancock & Sahl, 2006; Nelson & Schwartz, 2018). The direct disruption of LAM glycolipids in 

the cell wall followed by cell wall disintegration, that I observed in extracellular bacteria on 

LL-37 application, would support the first hypothesis of killing by cell disruption. The similar 

mode of action was also detected in intracellular bacteria in macrophages treated with LL-37, 

leading further support to this hypothesis.  

In Mtb glycolipid like LAM appear to play an important role in blocking macrophage activation 

and immune response evasion. LAM and its derivatives have been shown to play an inhibitory 

role in subverting autophagy by preventing fusion of lysosomes with phagosomes. Lysosomal 

development is arrested when purified LAM particles are incubated with macrophages 

(Mishra et al., 2011). The glycosylated form of LAM, termed ManLAM, is one of the key Mtb 

derived molecule interfering with EEA1 recruitment. ManLAM inhibits phosphadtidylinositol-

3-kinase (PI3K) which is essential for mediating EEA1 acquisition to the phagosomes (Fratti et 

al., 2003). Also it has been reported that a loss of bacterial cell wall in general reduced the 

virulence of Mtb in human cells (Vergne et al., 2003). Hence, that AMPs would target LAM 

leading to increased bacterial killing is plausible. It has also being reported that production of 

AMPs, like LL-37, is induced in macrophages upon LAM stimulation (Rivas-Santiago et al., 

2008). Hence, it would be conceivable to draw an inference that one of the important 

antimicrobial effect of the LL-37 might arise from its targeted disruption of LAM which 

consecutively reduces Mtb virulence. 

In this study sufficient evidence of direct action of LL-37 on extracellular and intracellular Mtb 

has been gathered. However, additionally LL-37 was also found to be initiating maturation of 

Mtb containing phagosomes, which would possibly lead to autophagy of the pathogens. In 

literature both these mechanisms have been discussed as probable modes of AMP action, 

with several evidences sited to support either one of the process (Gutsmann, 2016; Rivas-

Santiago et al., 2013; Yuk et al., 2009). Putting together the data acquired from this imaging 

study, it can be hypothesized that an interplay of both mechanisms is involved in antimicrobial 

action, leading to common goal of Mtb deactivation. However, it has to be cautioned that the 
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work in the thesis is of a qualitative nature, where the main intention was to adapt nanoscopy 

techniques in Mtb and AMP study. Also, apart from the two antimicrobial mechanism 

proposed here, there might be additional LL-37 dependent host response pathways present 

in the macrophages.  

Sub-diffraction level microscopy has many applications in the field of pathogen research 

(Schermelleh et al., 2019). Botella et al., 2017 for example recently utilized the SIM technique 

to look at peptidoglycan synthesis in Mtb as a possible target for drug therapy (Botella et al., 

2017). For our study, the STED microscopy was chosen as it retains the properties of the 

confocal microscope such as sample depth penetration and easy 3D imaging, while offering 

increased resolution in both lateral and axial direction. Additionally, as compared to other SR 

techniques like SMLM, it requires easier sample preparation, allows direct image acquisition 

and demands minimal post-acquisition processing. All the advantages of nanoscopy makes it 

an easy tool to adapt and it is feasible to propose that pathogen studies currently performed 

on confocal microscopes can be easily conducted, with an almost two-fold improved 

resolution, by using STED microscopes.  

 

 

Figure 6.4.1: A model of Mtb uptake into macrophages in presence or absence of LL-37 peptide. A 
schematic of the  (A) In macrophages phagosome fusion with lysosome is blocked by Mtb, preventing 
phagolysosome formation. One of the mechanisms involved is exclusion of EEA1 from the phagosomal 
membrane which prevents phagosomal maturation. (B) In macrophages treated with LL-37, EEA1 
protein was observed to be localized in the phagosomal membrane. This possibly could activate the 
autophagy pathway eventually leading to formation of phagolysosome, where the Mtb cell can be 
disintegrated. LL-37 was also localized in the phagolysosomal membrane and could also have direct 
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killing action on the Mtb cells. This could be another mode of anti-mycobacterial action of LL-37 
peptide. 

One of the shortcomings of the STED method used in this thesis, was the restriction in number 

of channels available for multi-colour microscopy. If co-localization between LL-37, labelled 

Mtb cells, endosomal, and phagolysosomal proteins could be shown in the same Mtb infected 

macrophage cell it would have provided a conclusive proof of autophagy triggered by AMP. 

The Exchange-DNA-PAINT technique described in section 4.3 could have been used to achieve 

such images. Another alternative would be to use the relatively newly developed Exchange-

STED method, which has the capacity to image multiple targets while maintaining all the 

advantages of the STED technique (Schueder et al., 2017). However, as described before 

(Section 4.3.2) the optimization of DNA-conjugated antibodies to varied samples is a lengthy 

process. This problem would be further exacerbated by the discrepancy in the quality of the 

primary macrophages obtained from different donors (for ethical reasons blood cannot be 

collected from a donor individual more than once). A promising alternative for future 

experiments would be to use stable macrophage cell line like J774A.1 or RAW 264.7 for 

conducting multiplexed imaging using Exchange-PAINT.  

In conclusion using STED microscopy evidence of direct activity of the antimicrobial peptide 

LL-37 against Mtb could be shown. Images acquired from both the extracellular and 

intracellular LL-37 activity demonstrated that the peptide seem to target the LAM glycolipids 

in the cell wall of Mtb cells. It was also indicated that the resultant cell wall disruption causes 

cellular disintegration of the bacterial cell and is one possible mechanisms by which LL-37 has 

cytotoxic effect on Mtb. Further, when infected macrophages were treated with LL-37, STED 

images revealed that the Mtb cells were enclosed in a phagosome and were colocalizing with 

EEA1 protein (normally found in the phagosomal membrane). EEA1 is known to prompt 

phagosome maturation leading to formation of phagolysosomes, the cellular compartment 

where the pathogenic cargo of phagosomes is degraded. Hence, presence of EEA1 in the 

membrane of the phagosome compartment containing Mtb cells in LL-37 treated 

macrophages indicates  a possible triggering of autophagy process. From these observations 

a working hypothesis can be proposed that LL-37 through a combination of direct cytotoxic 

action and activation of intracellular degradation pathways contributes to Mtb killing (Figure 

6.4.1). 
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7. Super-resolution microscopy used for imaging biological tissue 

samples 

In this section I describe adaptation of super-resolution techniques to image fixed tissue 

sections. The first part outlines the preliminary results for imaging protocols optimization 

conducted in order to attain super-resolution images of post-mortem human brain tissue. The 

second part describes the experiments undertaken to image synaptic protein organization in 

murine spine tissue section. 

7.1. Background 

Direct imaging of tissue samples provides detailed understanding of structural and intra-

system interactions, more than what can be studied using in vitro cell cultures. Analysis of 

post-mortem tissue samples obtained from patients, for example, can help understand the 

pathological hallmarks of this disease. This is especially true for the study of brain and CNS 

structures where tissue samples can be used to understand the intricate connectome of 

neurons, map neuroanatomical structures and distribution of in situ synaptic contacts. 

However, the obstruction provided by the inherent tissue structure and the complexity 

involved in getting light to penetrate deep into the tissue poses obstacles in generating high 

quality images. The opacity of the fixed brain tissue is generally even worse. Various 

approaches have been implemented in the sample preparation steps to improve the labelling 

and transparency of brain/CNS tissue; optical clearing methods for example try to reduce light 

scattering inside the sample and reduce the opacity. While on the other end several newer 

imaging techniques have been adapted to overcome the light penetration obstacle and attain 

improved resolution (Du et al., 2018; Paul W. Tillberg and Fei Chen, 2019; Zhu et al., 2017).  

Improvements in sample preparations 

In order to improve tissue sample quality, different methods such as cryo-sectioning and serial 

sectioning have been improvised to generate thinner and more uniform tissue sections. Many 

of these sectioning techniques developed originally for electron microscopy are been adopted 

to fluorescence microscopy. Further, these sectioning techniques have been combined with 

automated imaging to get information from a large sample area. For example, Sigal et al., 

generated ultra-thin sections (70 nm) of mouse retinal tissue which were then serially imaged 

with an automated dSTORM approach and analysed to generate large volume reconstruction 

of retinal neurons with sub-diffraction resolution (Sigal et al., 2015). Such an imaging 

approach restricted the axial-resolution of the images to the thickness of the sections (here 

 7̴0 nm) which is an improvement on the conventional z-resolution possible with most optical 

imaging techniques. 

Tissue clearing by refractive index matching 

Another approach to improve sample quality for imaging has been to match the refractive 

index of the tissue to that of the immersion medium in order to reduce light scattering at 

buffer interface. Several commercial and custom-made solutions (based on Nycodenz, 

glycerol etc.) can be used as refractive index adjusting mediums, however many of them are 
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not sustainable for long-term storage or have not been tested for super-resolution imaging 

(Seo et al., 2016). One of the best suitable reagents for altering refractive index of the tissue 

is be 2,2’thiodiethanol (TDE). TDE is a water-soluble glycol derivative with low viscosity which 

can be diluted to a refractive index in the range of 1.33 (water) to 1.52 (immersion oil) as 

desired (Staudt et al., 2007). Higher optical clarity in tissues has been acquired using TDE 

diluted in PBS than in water (A. K. L. Liu et al., 2016). Additionally, TDE is an antioxidant and 

helps reduce the photobleaching by inhibiting oxidation and delaying bleaching.  

Recent research has shown that immersion of fixed tissue in TDE also causes optical clearing. 

Brain sections fixed with PFA perfusion when immersed in TDE solutions showed increased 

transparency and consecutively, greater penetration depth while being compatible with 

immunolabelling (Costantini et al., 2015).  

Tissue clearing by lipid removal 

The so called Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging/ Immunostaining/ 

In situ hybridization-compatible Tissue-hydrogel (CLARITY) approach is a novel tissue clearing 

technique utilized frequently for clearing brain derived tissue samples (Chung et al., 2013; Du 

et al., 2018; Gradinaru et al., 2018). This approach replaces the lipid molecules in the tissue 

with a hydrogel network making the sample optically penetrable by removing light-scattering 

at the lipid-water interface and also more permeable which allows easy diffusion of labelling 

molecules. In brief, first the tissue is infused with hydrogel monomers along with a crosslinker 

(like PFA) in a desiccation chamber which replaces air with nitrogen. The polymerization is 

then triggered by heating wherein the proteins, nucleic acid, and other small cellular 

molecules are covalently linked to the hydrogel mesh. However, lipids lack the amino 

functional group and hence are not crosslinked. All lipid molecules are then removed from 

the tissue by electrophoresis in presence of an ionic solution. The CLARITY cleared tissue can 

then be used for further imaging and success has been reported with various imaging 

methods (Chung & Deisseroth, 2013).  

7.2. Imaging post-mortem human brain tissue samples 

In a project conducted in collaboration with Dr. Michael Schoen (Institute of Anatomy and 

Cell Biology, University of Ulm, Germany) I used the STED techniques to image post-mortem 

acquired human brain tissue from healthy individuals and one trial sample from an 

Alzheimer’s patient. The brain tissue samples were optically cleared with CLARITY technique 

and sectioned by Dr. Schoen. The CLARITY tissue clearing protocol used for these samples was 

adapted from Chung et al (Chung et al., 2013). The details of the clearing protocols and 

concentrations of antibodies used cannot be expanded on as they are in process of 

publication by our collaboration partners. 

Brain tissue sections were imaged with sub-diffraction resolution using the confocal/STED 

setup. The CLARITY cleared tissue sections had been stored in PBS buffer; just before imaging 

they were soaked in 97% of TDE solution for 15 min at RT in dark. TDE diffuses very quickly 

into the sample and immersion of even 15 mins was enough to start turning the sample more 

optically transparent (Figure 7.2.1 A). Afterwards the sections were gently lifted onto a drop 
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of TDE mounting solution on a clean glass slide and teased out carefully with a paintbrush till 

it was lying smoothly on the surface. More mounting solution was pipetted onto the section 

till it was submerged in medium, a coverslip was then gently placed on top and sealed. The 

mounted sample was then placed into the sample holder of the STED setup and the desired 

ROI was detected with the widefield detection path. The sample was focused using the 

confocal/STED imaging mode and the power of the excitation lasers was adjusted as required 

for optimal SNR.  

 

 

Figure 7.2.1 Imaging CLARITY cleared human brain tissue sections. (A) CLARITY cleared brain tissue 
section (left image) shows increased transparency (right panel) when incubated for a short time in TDE 
solution. Representative confocal and STED images of cleared brain section immunolabelled for (B-C) 
MAP2 (red) or (D-E) Synaptophysin1 (Synpt1; red) and GluA1 (green). (B) Upper-left part of the image 
was acquired in the confocal mode while the lower-right part shows the STED-XY image. (C) Magnified 
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crops (dotted rectangle in overview image) show identical region of the sample in confocal (left panel) 
and STED imaging mode. Comparison of intensity profile of the same ROI of a MAP2 positive dendrite 
showed a decreased FWHM for STED image as compared to the corresponding confocal 
measurement. (D) The area around a neuron soma was imaged with confocal (upper-left part) and 
STED-XYZ (lower-right part) method. (E) Magnified crop (dotted rectangle in overview image) displays 
magnified image of a single synapse in the confocal and STED mode. The intensity profile (200 nm 
width shown by white box) along a supposed transsynaptic axis of a synapse demonstrates distinct 
pre- and post-synaptic population in the STED image. (F) Representative confocal and STED-XYZ image 
of a CLARITY plus TDE cleared post-mortem brain tissue of an Alzheimer’s patient immunolabelled 
with antibodies against Aβ peptide epitope (red) and Shank3 protein (green). Magnified crop (dotted 
rectangle in overview image) are shown as separate channels; Aβ peptide (red) and Shank3 (green). 
(G) Comparison of intensity profile (marked in the overview image in F) of the green channel shows 
improved FWHM for the STED (green line) image as compared to confocal (black line) and proves 
increased lateral resolution by STED acquisition. Hence, the lack of improved resolution in the STED 
image for the globular structure of Shank3 can be possibly attributed to excessive protein clustering 
and not microscopy errors. STED images (B-F) were acquired at a pixel dwell time of 300 µs and pixel 
size of 20 nm. The images shown here have been processed with Gaussian blur for display purpose; 
all analysis data has been obtained from raw unprocessed images. Scale bars represent 5 mm for (A) 
and 1000 nm for all other images. 

The mounted sample was left undisturbed for atleast 15 mins (to stabilize the sample drift) 

after which first confocal and then STED images of the ROI were acquired. The power for XY-

STED depletion beams was adjusted to 1.8 mW for acquiring sub-diffraction level resolution. 

The tissue sections were between 30 to 50 µm thick but images were acquired only between 

depth of 5- 20 µm from the surface of the tissue. In control measurements, human brain tissue 

samples were labelled only with secondary antibody to check for unspecific attachment; STED 

images of these samples showed no excessive background signal. 

In a first experiment the brain sections were immunolabelled to visualize MAP2 in the 

dendritic structures of hippocampal neurons. A suitable ROI was searched where a continuous 

MAP2 labelled neuronal process could be focused in the imaging plane and then images were 

acquired first in confocal then STED-XY mode (Figure 7.2.1 B, C). The improved resolution of 

the STED technique can be visualized when a profile of a single Map2 labelled dendrite is 

measured in both confocal and STED images. The STED image of Map2 shows a lateral FWHM 

of 103.4 ± 9.5 nm as compared to the same region in the confocal image which showed a 

FWHM of 281.4 ± 11.3 nm. Next, we conducted 2-colour labelling of the CLARITY cleared 

tissue sections for pre-synaptic vesicles associated protein Synaptophysin1 and post-synaptic 

glutamate receptor protein GluA1. Several co-localizing cluster of both proteins could be seen 

in the image probably corresponding to synapses. Upon comparing the confocal and STED 

images it was obvious that a better separation of pre- and post-synaptic protein populations 

can be visualized by the later imaging technique (Figure 7.2.1 D, E). An intensity profile plotted 

for a representative synapse shows distinct peaks separating the protein clusters of 

Synaptophyson1 and GluA1. The dense clusters seen in the cell soma originate from 

autofluorescence and are present only in the green channel (Figure 7.2.1 D). The answer to 

whether these cluster arise from brain pathology or are artifacts caused due to tissue 

fixation/storage needs to be investigated in further experiments. 



7. Super-resolution microscopy used for imaging biological tissue samples 

129 

 

A proof-of-concept study to image CLARITY cleared tissue derived from Alzheimer’s patient 

sample was undertaken next. Immunolabelled patient tissue sections with the Amyloid beta 

epitope antibodies along with antibodies against Shank3 proteins were imaged (Figure 7.2.1 

F). The amyloid beta peptides form amyloid plaques in the brain and are a pathological 

hallmark for Alzheimer’s disease. In the STED images we obtained improved resolution for Aβ 

peptide labelled samples. However, in this particular sample measurement no discernible 

improvement was observed for Shank3 labelling. That this lack of fine structure details is not 

due to a microscopy error can be proved by looking at intensity profile plotted for an 

unspecific attached background dye molecules in the sample. The STED profile shows 

decreased lateral FWHM of 82.6 ± 11 nm as compared to confocal image which had a lateral 

FWHM of 284.0 ± 35.1 nm (Figure 7.2.1 G). Hence, the unchanged resolution with STED 

imaging of the Shank3 protein cluster stems from a biological reason. A possible explanation 

is that a dense clustering of Shank3 protein with no underlying structure is present in the 

vesicle and hence, cannot be resolved even with higher resolution. As amyloid beta protein 

accumulation is suspected to dysregulate Shank3 organization, excessive accumulation of 

Shank3 protein, as detected in our samples, could have interesting implications in Alzheimer’s 

etiology (A. M. Grabrucker et al., 2011). 

Finally, I wanted to utilize one of the main advantage of STED imaging, minimal bleaching of 

dye labelling as compared to widefield imaging with SMLM. In order to explore that, we 

immunolabelled CLARITY-cleared control tissue sections with antibody against 

Calcium/calmodulin-dependent protein kinase II (CaMKII). CaMKII is known to be present 

along the actin cytoskeleton network in the dendrites of hippocampal neurons (Khan et al., 

2019; Lu et al., 2014). Here in the STED images the punctuated organization of CaMKII in the 

soma and dendrite is clearly observable (Figure 7.2.2 A). In order to get a bigger overview of 

the sample I imaged four separate ROI of 35 µm2 with an overlapping area of 5 µm at each 

side. These ROI were then joined together using the “Grid/Collection stitching” Plugin (fusion 

method- linear blending) available for ImageJ (Preibisch et al., 2009). The final image shown 

in Figure 7.2.2 B shows a neuron soma and the emerging dendritic process. Further, I imaged 

the same area deeper in the sample with 100 nm distance separating each layer (Figure 7.2.2 

C). Comparing intensity profile within the image acquired deepest in the tissue shows a 

decreased FWHM of 137.4 ± 10.1 nm for a CaMKII actin-like structure in the STED image as 

compared to the confocal FWHM of 383.2 ± 14.3 (Figure 7.2.2 D). This proves sustained higher 

resolution with STED microscopy can be acquired deep in the tissue sample. Taking all data 

together it was possible to visualize a large area and volume of the brain tissue with sub-

diffraction level resolution. 
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Figure 7.2.2 Imaging large tissue area with STED microscopy. Human brain tissue sections processed 
by the CLARITY plus TDE tissue clearing protocol were immunolabelled with anti-CaMKII antibody and 
imaged with STED-XY mode. (A) Zoomed image of the dendrite showing punctuated organization of 
CaMKII (green). (B) Stitched image generated from four separate ROIs shows the entire cell soma and 
emerging dendrite. (C) Same ROIs as B) located progressively (100 nm) steps deeper in the tissue 
section were then imaged. (D) Confocal and STED image of the magnified crop (marked with dotted 
rectangle in C). The intensity profile of ROI with width of 200 nm length of 1000 nm (marked in both 
images) is compared. The lateral FWHM for the confocal image is 383.2 ± 14.3 as opposed to improved 
lateral resolution of 137.4 ± 10.1 nm for the STED image. All images shown here have been processed 
with Gaussian blur for display purpose, however data analysis has been conducted only on raw images. 
STED images were acquired at a pixel dwell time of 300 µs and pixel size of 20 nm. Scale bars represent 
1 µm for (A & D) and 5 µm for all other images. 
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Several studies of imaging human brain tissue using CLARITY optical clearing technique have 

been conducted using confocal or two-photon microscopy. (Chung et al., 2013; Costantini et 

al., 2015; Song, 2017). However, very few report usage of super-resolution microscopy for 

imaging CLARITY cleared human tissue (Unnersjö-Jess et al., 2016). Here, I was able to 

generate some demonstrative images of human brain sections acquired from post-mortem 

samples. The advantage of using an additional TDE-clearing step for decreasing the opacity of 

the tissue samples was also demonstrated. While, the exact mechanism of TDE based tissue 

clearing is not reported, it is speculated that the compound changes the refractive index of 

the lipid bilayer to match that of the cytoplasm (Aoyagi et al., 2015). Many studies have 

reported successfully utilization of TDE mounting for maintaining fluorescence in 

immunolabelled tissue (Chung et al., 2013; Costantini et al., 2015; Sindhwani et al., 2016). 

Supporting these studies I also observed that immunolabelled tissue samples mounted in TDE, 

when stored at -20 °C, showed no decrease in fluorescence intensity of the dyes for atleast 6 

months. We have showed here that TDE tissue clearing step as an additional to the CLARITY 

protocol is a simple, quick, non-toxic and cheap procedure for increasing transparency of 

tissue samples.  
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7.3. Imaging mouse spine tissue sections 

Murine spine tissue sections are a useful model to study the morphology and connectome of 

motoneurons, interneurons and other cells. Additionally, as the isolation and in vitro culture 

of spinal neurons protocol is complicated, study of neuronal proteins is easier with spine 

sections. A project to conduct super-resolution imaging of spine sections was undertaken in 

collaboration with Dr. Francesco Roselli, Department of Neurology, University of Ulm and is 

described here. 

Shank2 is a synaptic protein known to be associated with the post-synaptic density and is 

expressed in all neuronal cells (Boeckers et al., 2002). Mutation in the Shank2 gene has been 

reported in a subset of Autism Spectrum Disorder cases (Bourgeron, 2015). ASD patients show 

an altered sensitivity to pain, with the signal involved in pain being generally processed in the 

dorsal spinal cord. Hence, it is interesting to know the normal distribution of Shank2 in 

neuronal circuits of the spinal cord. To this end our collaboration partners immunolabelled 

Shank2 in the spinal cord of WT mice and with widefield imaging discovered a subset of 

neuronal cells which showed high expression of Shank2, termed here as Shank2high . The data 

from this project is currently in the process of publication and the preprint is available online 

(Heuvel et al., 2020). I imaged these Shank2high neuronal cells in murine spine section with 

STED microscope to get further insight into the localization of Shank2. 

 

 

Figure 7.3.1: Distribution of Shank2 in interneurons. Murine spine sections were labelled with anti-
Shank2 antibody and the interneurons expressing higher concentration of Shank2 were termed as 
Shankhigh. (A) A representative Shankhigh neuron can be distinguished (dotted line) by high expression 
of Shank2 labelling signals with widefield microscopy. STED images of Shankhigh neurons 
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immunolabelled for Shank2 and pre-synaptic markers Synaptophysin (Synpt) (B, C) or Bassoon (D, E). 
The magnified crops (C, E) are shown as both confocal and STED acquired images. (C) Shank2 
colocalizing with the pre-synaptic proteins Synpt can be observed. With STED microscopy the gap 
separating the two protein clusters can be visualized in the image and in the corresponding intensity 
profile (of the raw image) plotted along the hypothetical transsynaptic axis of the synapse, proving a 
post-synaptic presence of Shank2. (E) In a subset of synapses both Shank2 and Bassoon are colocalized 
(a representative synapse shown in cyan box). While synapses containing only pre-synaptic marker 
protein Bassoon (magenta box) also exist in the Shankhigh neurons.  STED images were acquired at a 
pixel dwell time of 300 µs and pixel size of 20 nm. All images shown here have been processed with 
Gaussian blur for display purpose, analysis of profile in (C) was done on unprocessed raw image. Scale 
bars represent 5 µm for (A), 1000 nm in (B, D) and 500 nm in all other images. 

Spine cryosections of 10 µm thickness were generated from adult mice (protocol in 3.4.7). 

Tissue sections were immunolabelled with anti-Shank2 antibody and with anti-Bassoon or 

anti-Synaptophysin antibodies as detailed in Section 3.4.8. Samples were processed by Florian 

olde Heuvel and Najwa Ouali Alami from the Department of Neurology, University of Ulm, 

Germany. Processed tissue sections were then washed with ddH2O two times, mounted in 

TDE and stored overnight at 4 °C before imaging. 

On the STED microscope using the widefield imaging the Shankhigh neurons, expressing 

excessive Shank2 signal as compared to neighbouring cells, were identified (Figure 7.3.1 A). 

Next the imaging mode was switched to Confocal/STED to acquire high resolution images of 

these neurons. While in confocal imaging mostly continuous labelled structures of Shank2 

were observed, super-resolution imaging showed that Shank2 forms distinct punctae. 

Further, co-labelling with pre-synaptic marker Synaptophysin showed colocalization with 

Shank2 punctae (Figure 7.3.1 B). A gap separating both the Synaptophysin and Shank2 

synaptic protein population can be discerned, indicating a post-synaptic localization of Shank2 

away from the pre-synaptic marker (Figure 7.3.1 C). Similar results were obtained from when 

spine sections were labelled with another pre-synaptic marker Bassoon along with Shank2 

(Figure 7.3.1 D). Also several typical bar-shaped distribution of Bassoon was seen localizing 

along a dendrite like structure with no co-localized Shank2 population; these probably 

correspond to synapses which do not contain a synaptic Shank2 cluster (Figure 7.3.1 E). 

Hence, we were able to decern that in Shank2high neuronal cells a subset of synapses show 

presence of Shank2 cluster at the post-synapse (Heuvel et al., 2020). 
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8. Summary 

The main aim of this thesis is to show the advantage of super-resolution imaging over 

conventional microscopy in biological and medical research. Two diverse approaches to sub-

diffraction resolution imaging are employed and their application in research dealing with 

varied diseases is explored. 

In order to visualize target biomolecules in the biological samples with optical microscopes, 

the biomolecules of interest are immunolabelled with antibodies conjugated with 

fluorophores. The photophysical properties of these labelling fluorophores are exploited in 

order to achieve super-resolution imaging. The immunolabelling technique and the 

fluorophore labelling are adjusted to attain optimum imaging quality, as detailed in Chapter 

3. 

The Chapter 2 of the thesis gives some technical background and explains the underlying 

physics of the super-resolution microscopy methods. Here, I give a quick summary of these 

techniques: The direct stochastic optical localization microscopy (SMLM), is a widefield 

microscopy technique with a theoretical resolution of around 20 nm. The SMLM technique 

depends on temporally separating fluorophore emissions in the sample, so that in each 

imaging frame only a sparse subset of fluorophores is fluorescing. Sequential recording of 

several thousand imaging frames over a period of time ideally allows all fluorophores to be 

recorded individually within a diffraction limited area. The centre position of these individual 

fluorophores can be analysed with a high precision from their point spread functions (PSFs) 

using image-processing algorithms. In this thesis either the 2D-Gaussian or centre of mass 

method of fitting are used to determine the centre positions of the individual fluorophore 

blinking events. The centre positions can then be reconstructed into a pointillistic super-

resolved image. There are various methods available to initiate and control the stochastic 

activation of fluorophores for SMLM imaging. The main technique employed in this thesis, 

termed direct stochastic optical reconstruction microscopy (dSTORM), is based on photo 

switching fluorophores between a ‘OFF’ and ‘ON’ state by controlling the buffer and 

illumination conditions while imaging. Another method termed DNA points accumulation for 

imaging in nanoscale topography (DNA-PAINT) uses transient binding between dye labelled 

DNA probes with their complimentary DNA probes bound to the antibodies, as a way to 

generate stochastic blinking.  

Another super-resolution microscopy approach also used in this thesis is termed stimulated 

emission depletion microscopy (STED) and is a confocal imaging technique with theoretical 

resolution of around 40 nm possible in immunolabelled biological samples. This method 

overlays a donut shaped depletion beam over the diffraction limited excitation beam; the 

depletion beam depletes fluorophores from their excited state to the ground state by 

stimulated emission at the periphery of the excited spot. The fluorescence emission is hence, 

allowed only from a small area in the centre of the excited spot corresponding to the central 

minima of the depletion donut. The stimulated emission can be filtered out in the detection 

pathway and only the spontaneous fluorescence emission is registered by the detector. By 
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scanning the sample, subsequent sub-diffraction resolution areas emitting fluorescence can 

be recorded and the final super-resolved image can be obtained without any post-processing. 

Next, I outline the projects where super-resolution techniques approach was utilized to study 

biological questions, as analysis using standard fluorescence imaging provides inadequate 

resolution. 

Localizing the ALS-associated protein Fused in sarcoma (FUS) in motoneuron synapses 

The main aim here is to utilize SMLM imaging to study FUS distribution within motoneuron 

synapses and to analyse if ALS-linked mutation in the FUS gene affects the localization of the 

protein. The SMLM technique of dSTORM and DNA-PAINT are used here as they offer the 

required high resolution and the chance of multi-colour imaging. Parts of this work have been 

published under the title “Synaptic FUS Localization during Motoneuron Development and Its 

Accumulation in Human ALS Synapses.” in Frontiers in Cellular Neuroscience journal 

(Deshpande et al., 2019). 

ALS is characterized by cytoplasmic protein aggregates consisting of RNA binding proteins 

(RBPs) in most cases. The first part of this research focuses on fused in sarcoma (FUS), one of 

RBPs displaying mutation and cytoplasmic accumulation, in certain subtypes of ALS. 

Disruption of general FUS related activities and defects in the synaptic functions have been 

reported in ALS models. Because of limited availability of post-mortem tissue, hiPSC derived 

motoneuron provide a model system for study of motor neurodegenerative disease. Hence, 

an optimal labelling, mounting and imaging protocol was established in this study to acquire 

SMLM images of hiPSC derived motoneurons from ALS patients and healthy volunteers. A 

methanol fixation protocol was developed for neuronal cells as it minimized the background 

during dSTORM imaging.  

The SMLM images demonstrated that FUS is localized at the synapses of control 

motoneurons. Further analysis showed that in ALS patient derived motoneurons mutated FUS  

protein showed increased accumulation at the synapses. A concurrent increased aggregation 

of synaptic proteins Homer1 and Bassoon alongside FUS was also demonstrated in these 

patient synapses. The sub-diffraction resolution allowed for precise measurement of protein 

cluster area. Hence, the differences in the cluster size of synaptic protein accumulation 

between control and patient synapses could be quantified. The synaptic accumulation of 

mutated FUS and the sequestering of neighbouring synaptic proteins can possibly arise from 

the prion-like properties tentatively assigned to FUS and can provide insights into the ALS 

disease propagation mechanism. 

In the next part of the study I utilized rat derived motoneurons to image synaptic FUS at 

different maturation stages of the synapses. FUS was immunolabelled alongside either pre-

synaptic marker protein Bassoon or post-synaptic protein Homer1/PSD-95. Using SMLM 

images of immature and developed synapses, comparative distance analysis between 

synaptic proteins was calculated. It was established that FUS shows a post-synaptic 

localization in the developing dendritic arbor and a pre-synaptic location in the axonal 

compartment of mature synapses. Similarly, in the hiPSC derived motoneuron, which have 



8. Summary 

136 

 

physiology of developing neurons, a post-synaptic FUS localization was detected. Though the 

comprehensive physiological functions of FUS are largely unknown, varied axonal and 

dendritic activities controlled by FUS have been reported. The data obtained in this study 

shows a spatiotemporal localization of FUS based on maturation which can have an impact 

on understanding its neuronal specific functions. The synaptic functions of FUS are theorized 

to be mainly connected to the local translation in synapses, which allows for an autonomous 

control of protein formation at distant neuronal end.  

Underlying epigenetic aspects in ALS disease 

In a separate study into ALS I utilized the super-resolution technique of STED microscopy to 

study an epigenetic pathway suspected to be involved in ALS pathogenesis. Parts of this work 

have been published under the title “Dysregulation of a Novel MiR-1825/TBCB/TUBA4A 

Pathway in Sporadic and Familial ALS” in Cellular and Molecular Life Sciences journal 

(Helferich et al., 2018) 

In neuron model cell HEK 239, image analysis demonstrated that an overexpression of 

tubulin-folding cofactor b (TBCB) caused a subsequent decrease in cellular tubulin alpha-4A 

isoform (TUBA4A) localization. Further, analysis of STED images of these samples showed that 

the microtubules labeled for TUBA4A showed stunted organization. ALS-linked mutations in 

TUBA4A and in an upstream protein of TBCB pathway have been separately reported in 

patients. Here it can be concluded that disruption in expression of either of these proteins, 

by similar or diverse causes, converge to a common ALS symptom of microtubule disruption. 

Such common denominator might prove to be a lucrative therapeutic target and is an 

interesting area for further research into ALS disease.  

Interactions of antimicrobial peptide LL-37 with Mycobacterium tuberculosis  

Antimicrobial peptides (AMP) have important therapeutic application in the fight against 

tuberculosis. This is especially true for combating the newly emerging drug-resistant 

MDR/XDR mycobacteria, as AMPs show consistent action against those strains too. There is 

also reduced danger of the bacteria developing AMP resistance as the peptides are part of 

the natural immune system. The exact mechanism of AMP uptake and cytotoxic action on 

bacteria, while under intense research, is still not entirely clear.  

In this project, using both SMLM and STED techniques, a reasonable evidence of direct activity 

of the AMP LL-37 against Mycobacterium tuberculosis (Mtb) bacterial cells could be 

established in extracellular bacteria and also in Mtb cells internalized by human derived 

alveolar macrophages. Images acquired from both the extracellular Mtb and intracellular 

activity of LL-37 showed that one of the peptide targets is the lipoarabinomannan (LAM) 

glycolipids in the Mtb cell wall. There was indication that cell wall disruption causes a 

complete cellular disintegration of the bacterial cell and possibly is one of the mechanisms 

contributing to the cytotoxic effect of LL-37 on Mtb. On the other hand, images of cellular 

vesicles in macrophages also suggested that LL-37 contributes to autophagy initiation. In 

infected macrophages treated with LL-37, Mtb cells were observed to be enclosed in a 

phagosome with the early endosomal marker protein (EEA1) localized in that phagosomal 
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membrane. As EEA1 is important in phagosome maturation leading to formation of 

phagolysosomes, where the pathogenic cargo of phagosomes is degraded. Hence, presence 

of EEA1 in the phagosomal membrane upon LL-37 treatment indicates progress towards 

autophagy. Parts of this work have been published in the International Journal of Molecular 

Sciences under the title “Super-Resolution Microscopy Reveals a Direct Interaction of 

Intracellular Mycobacterium Tuberculosis with the Antimicrobial Peptide LL-37” (Deshpande 

et al., 2020). 

Imaging optically cleared brain tissue sections 

In this project preliminary results were obtained for super-resolution imaging of post-mortem 

human brain samples. In the complex mammalian brain tissue, multiple neural processes and 

high density of lipid molecules increase scattering of light hindering optical imaging. The brain 

samples used in this project had been optically cleared by replacing lipids with hydrogel-based 

structures. I developed additional processing techniques using 2,2’thiodiethanol (TDE), which 

rendered the brain tissue samples more optically viable by matching the refractive index of 

the tissue with that of the immersion oil used for imaging. Initial images of neuronal synapses 

acquired using STED microscopy, in these optically cleared tissue showed, localization of the 

pre-synaptic protein Synaptophysin1 well-separated from the post-synaptic protein GluA1. 

These synaptic protein populations could not be distinctly resolved with confocal imaging, 

demonstrating the superior resolution of the STED technique.   

In conclusion this thesis presents optimized sample preparation, image acquisition, post-

processing and image analysis methods to acquire optimal super-resolution images of varied 

types of biological samples. Many collaborations and preliminary work established as a part 

of this thesis will lead to increased application of super-resolution optical microscopy for 

future projects in biomedical research.  
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Appendices 

Appendix A: List of chemicals, consumables and other materials 

A.1. Chemicals and reagents 

 

Name Company 

Gibco Dulbecco’s phosphate buffered saline (DPBS) Life Technologies, United Kingdom 

Dulbecco’s modified eagle medium (DMEM) Life Technologies, United Kingdom 

Gibco GlutaMAX™  Thermo Fisher Scientific, Germany 

Gibco non-essential amino acids (NEAA) Thermo Fisher Scientific, Germany 

Gibco B-27™ Supplement Life Technologies, USA 

Gibco Penicillin-streptomycin (Penc/Strep) Life Technologies, United Kingdom 

fetal bovine serum (FBS) Life Technologies, United Kingdom 

Laminin Sigma–Aldrich, Germany 

Poly-L-lysine; P8920 Sigma–Aldrich, Germany 

Poly-L-ornithine; P4957 Sigma–Aldrich, Germany 

Gibco TrypLE™  Invitrogen, Thermo Fisher Scientific, 
Germany 

DNase 1 (40 mg/ml)  Sigma–Aldrich, Germany 

Bovine serum albumin (BSA), lyophilized powder  Sigma-Aldrich, Germany 

Goat serum Thermo Fisher Scientific, Germany 

Nycodenz® Serva Electrophoresis GmbH, 
Germany 

Gibco KnockOut™ Serum Replacement Thermo Fisher Scientific, Germany 

Anhydrous Dimethyl sulfoxide (DMSO) Hybri-Max™ Sigma-Aldrich, Germany 

Atto 647N-NHS ester (AD-647N-31) ATTO-TEC, Germany 

DTT (Dithiothreitol), No-Weigh™ Format Thermo Fisher Scientific, Germany 
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Anhydrous Sodium Bicarbonate (ACS reagent 
≥99.7%) 

Honeywell Fluka, Germany 

Dimethylformamide (DMF), Sequencing grade Thermo Fisher Scientific, Germany 

Triton-X Carl Roth, Germany 

32% Paraformaldehyde (formaldehyde) EM Grade 
solution; E15714 

Science Services, Germany 

Methanol VWR Chemicals, USA 

ProLong™ Gold Antifade Mountant with DAPI Invitrogen, USA 

Tissue-Tek* O.C.T. compound  VWR, Germany 

TDE  Sigma-Aldrich, Germany 

Cysteamine or Mercaptoethylamine (MEA); 30070  Sigma-Aldrich, USA 

D-(+)-Glucose; G7528 Sigma-Aldrich, USA 

Catalase (from bovine liver) 

lyophilized powder, ≥10,000 units/mg; C40 

Sigma-Aldrich, USA 

Glucose oxidase, ( from Aspergillus niger) 
lyophilized powder, approx. 200 U/mg; 49180 

Sigma-Aldrich, USA 

 

A.2. Consumables 

 

Name Company 

Illustra NAP-5 Column/ Sephadex G-25 GE Healthcare, Germany 

Eppendorf tubes Eppendorf, Hamburg, Germany 

Amicon® Ultra 100 kDa & 3Kda filters Merck Millipore, Merck KGaA, 
Germany 

Micro BCA™ Protein Assay Kit Thermo Fisher Scientific, USA 

Zeba™ spin desalting column (0.5 mL) Thermo Fisher Scientific, USA 

Quartz object slides Technical glass products, USA 
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Gold particle solution  80 nm, EM.GC80; BBI solution, 
United Kingdom 

Microscope coverslip High precision 0.17 ±0.005 mm; 
LH24.1, YX03.1 & LH23.1; Carl Roth, 
Germany 

Microscope slide Superfrost® L 76 x W 26 mm, 
thickness 1 mm; Carl Roth, Germany 

Kapa® Polyurethane foam core 3AComposites GmbH, Germany 

TetraSpeck™ Fluorescent Microspheres  

(TSB labeled beads) 

Thermo Fisher Scientific, Germany 

Chamber slide with 8-well µ-Slide Glass Bottom; Ibidi, Germany 

Lens cleaning tissue MC-5 - Lens Tissues; Thor Labs 

 

A.3. Optical equipment 

 

Component Product; Company 

SMLM setup components: 

Laser 405 iBeam smart 405-S; Toptica Photonics AG, Germany 

Laser 640 iBeam smart 640-S; Toptica Photonics AG, Germany 

Laser 532 Cobolt Samba™ 532nm laser; Cobolt AB Sweden 

BC1 zt 561 RDC; AHF Germany 

BC2 LaserMUX™ 514-543; AHF Germany 

BC3 LaserMUX™ 473-491R,1064R; AHF Germany 

BC4 LaserMUX™ 375-405R; AHF Germany 

AOTF TF-525-250-6-3-GH18A; Gooch & Housego, United 
Kingdom 

Fiber collimator (F.C) 60FC-4-RGB11-47; Schäfter + Kirchhoff, Germany 

Single mode fiber LMA-PM-5 5m; NKT Photonics, Denmark 

CF1 Clean-up filter ZET 405 /488 /532 /642; AHF Germany 
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D1 770 DCXXR; AHF, Germany 

D2 HC 545/650; AHF, Germany 

D3 & D4 Z 645 DCXR; AHF, Germany 

EF1 HQ 585/80; AHF, Germany 

EF2 HQ 710/100m; AHF, Germany 

EF3 MF460-60 – BFP; Thorlabs, Germany 

Position sensing devise (PSD) OBP-A-9H, Newport Spectra-Physics GmbH, Germany 

XY-translation stage  M-686.D64 stage with C-867.262 PILine® motion 
controller; Physik Instrumente, Germany 

Z-piezo stage  Nano-Z200 & NanoDrive Controller; Mad City Labs, 
USA 

EMCCD camera iXon 897 camera; Andor Technology, UK 

CMOS Camera, 1280 x 1024 
pixels 

DCC1545M - USB 2.0; Monochrome Sensor, Thorlabs, 
Germany 

Immersion Oil Cargille Laboratories, NJ USA 

STED setup components: 

PBS1  PTW 1.2; B. Halle, Germany 

D1 730 DCXR; Chroma, USA 

D2 660 DCXR; Chroma, USA 

BP1 z 568/10; Semrock, USA 

D3 730 DCXR;  Chroma, USA 

D4 660 DCXR; Chroma, USA 

BP2  FBH650-40; Thorlabs, USA 

BP-3 LL01-647; Semrock, USA 

Flag shutter 04RDS501; Melles Griot, Germany 

PPV-1 VPP-1B; RPC Photonics, USA 

PVV-2  VPP-1A; RPC Photonics, USA 

Piezo mount Agilis AG-M100N; Newport Corporation, Germany 

PBS-2 PTW 1.20, 600-900 nm; B. Halle, Germany 

PBS-3 PTW 1.20, 600-900 nm; B. Halle, Germany 
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λ/2 waveplates RAC 4.2.15; B. Halle, Germany 

D5  730 DCXR; Chroma, USA 

D6 Z 660 DCXR; Chroma, USA 

D7 Q 690 SPXR; AHF, Germany  

D8 585 DCXR; Chroma, USA 

D9 Z 645 DCXR; AHF, Germany 

XY-translation stage or ‘coarse 
stage’ 

M-686.D64 stage with C-867.262 PILine® motion 
controller; Physik Instrumente, Germany 

XY-scanner stage or ‘scan stage’ P-733.2 XY Piezo Nanopositioner with E-712 Controller, 
Physik Instrumente, Germany 

EF1 HC 629/56 BrightLine; AHF, Germany 

EF2 HC 676/37 BrightLine; AHF, Germany 

multimodal optical fiber M31L01, Thorlabs, Germany 

APD-channel 1 Single photon counting modules SPCM-AQRH 13-FC 
detector; Perkin-Elmer, USA 

APD-channel 2 Single photon counting modules SPCM-AQRH 14-FC 
detector; Perkin-Elmer, USA 

CPM Channel photomultiplier detector, MD963; Perkin-
Elmer, USA 

BP4 FF01-390/40-25 & BP5; FF01-640/14-25; Semrock, USA 

Optical cage system 30 mm cage system, Thorlabs 

D10 Di01-R405/488/561/635/800 Semrock, USA 

100 mm achromat lens AC508-100-A; Thorlabs, Germany 

D11 BS409/493/573/652 F68-409; Semrock, USA 

150 mm achromat lens AC508-150-A; Thorlabs, Germany 

EF3 quadband emission filter, FF01-446/523/600/677; 
Semrock USA 

Detector camera  Zyla sCMOS 4.2; Andor Technology, United Kingdom 
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Appendix B: Aligning the microscope setups 

B.1. Widefield (SMLM) setup 

The widefield setup used for dSTORM and DNA-PAINT imaging has a simple optical layout and 

requires no daily adjustment. However, the following maintenance steps need to be 

undertaken every few months 

Checking laser beams coupling 

Before each measurement is started the laser power is checked by placing a power meter just 

before the translation stage in the illumination pathway. Incase low power is observed the 

laser beam coupling into the AOTF needs to be corrected. This is done with beam walking 

using the two mirrors situated in front of each laser output. Beam walking is the process of 

aligning a beam at a specific coordinate with a specific angel (Heintzmann, 2013). Virtually 

this can be imagined as a straight light beam passing through two apertures aligned at desired 

positions, and with two adjustable point of controls (like mirrors) one of which would affect 

the position of the beam while the other controls the angel of entry. 

Checking channel alignment 

One of the most important benefit of dual-colour SMLM imaging is colocalization analysis, for 

which it has to be made sure that both the red and green channels are adjusted to the correct 

ROI in the sample and on the camera chip. While imaging a Beadmap the channels alignment 

can be corrected using the mirror and lenses located in the detection pathway of the 

respective channel. Care was taken to always assign one detection pathway as control (green) 

and adjust the other channel’s (red) detection to match the control channel image. 

B.2. STED setup 

The co-alignment of beams is suspectable to constant fluctuation and had to be re-adjusted 

every few hours (> 4h) during measurement. Other components like the detectors or 

monochromators required only occasional maintenance. In this section various alignment 

tasks are grouped based on how frequently they are performed to get optimal imaging. 

B.2.1  Daily tasks 

These set of alignment procedure were done every day before acquiring STED images on the 

setup. To examine the shape and distribution of all beams, reflected light coming from gold 

nanoparticle was measured on the CPM detector. The gold beads provide a convenient test 

sample without the problem of bleaching. It has to be noted that reflection off the gold bead 

is quite strong and hence, a very low beam power must be used for alignment measurement 

to avoid saturating the detectors. The STED beams show a donut-shaped intensity pattern 

with a central minima in the XY-scan, while the excitation beams show an intensity 

distribution. After selecting a single bead for alignment it was scanned with a pixel dwell time 

of 200 µs in all XY, XZ and YZ planes (Figure B.2.1). 
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Aligning beams 

The most important task in a dual-coloured setup is to check that all the six (excitation beams, 

STED-XY and STED-Z depletion beams for both channel-1 &2) scanning beams are spatially 

aligned with each other, failure in which would introduce errors in channel co-localization. 

The excitation-1 beam (which has the shortest pathway before the objective) is designated as 

the reference beam. The lateral positions of individual beams are then adjusted to the 

reference beam by moving the piezo mirrors (located in front of the fiber collimator for 

emission beams and in front of phase plates of depletion beams). Next, care needs to be taken 

to align the minima of the STED donuts precisely with the centre of the intensity pattern 

generated by excitation beams.  

 

 

Figure B.2.1: Increased resolution using STED depletion beams. Actual images of the scattered light 
generated on gold beads by one of the excitation (A, D), STED-XY depletion (B, E) and STED-Z (C,F) 
depletion beam is shown in the xy and xz scanning plane respectively. The increased resolution 
generated by using STED-XY (H) or STED-Z (I) beams as compared to the confocal measurement (H) is 
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depicted by measuring membrane-labelled Mtb bacterial cell in the xz-scan plane. Images were 
acquired at a pixel dwell time of 200 µs.  Scale bars depict 200 nm (A to C) and 500 nm (D to I).  

The intensity patterns of the STED beams need a donut like shape with equal sized lateral 

lobes and a cantered intensity minima in order to ensure symmetric depletion. Any 

irregularities in the pattern can be corrected by minute adjustments to the x-y position of the 

phase mask. Finally, if the lobes generated by STED beam intensity pattern in Z-scans are 

sloping in either right or left direction relative to the image plane, the tilt need to be 

corrected. This can be done with ‘beam walking’ by coordinated adjustment of the piezo 

mirror with either another mirror present in the beam path for STED-Z beams or with the fiber 

collimator holder for the STED-XY and excitation beams. The intensity pattern of all beams is 

scanned in both XZ and YZ to ensure alignment in correct along all directions. The steps 

involved in beam alignment described so far need to be carried out iteratively till perfect co-

alignment and desired intensity distribution pattern is achieved for every beam. One of the 

most important check point for adjusting the beam pattern is to check if the central minima 

for the STED-XY donut and STED-Z focal volume has nominal residual depletion beam 

intensity. In this setup before measurement the STED patterns were checked to ensure that 

the counts in the minima were always ≤1% of the maximum intensity (after background 

correction) in the depletion beam pattern. Any excess residual depletion light would affect 

the fluorescence emission and hence reduce the overall resolution of the image. In the STED-

XY donut faulty circular polarization and in the STED-Z beams the tilt of the depletion pattern 

along the z-axis was the main cause of increased depletion intensity in the minima. Another 

way to get a minima close to zero-intensity is to reduce the overall power of the depletion 

beam; however this comes with proportional decline in overall resolution (see Equation 4.4.2).  

Adjusting beam power 

In the final adjustment step a power meter was placed before the 45° mirror to check the 

maximum intensity of the beams just before they enter the objective. The beam power could 

be attuned by adjusting, with the help of a mirror and the fiber holder, the coupling efficiency 

of the beam with the fiber coupler (all components located in the ‘Wavelength selection’ area 

of the setup detailed in Figure 4.4.1). A maximum power of 2 mW for all STED beams and 2 

µW for all excitation beam was generally obtained. Further adjustment of beam power to a 

lower intensity as required for sample imaging could be done with the intensity controller. 

Detection alignment 

To check for alignment of optics in the detection area the spectral range reflected by dichroic 

D2 (normally used for excitation-1) is utilized. The BP-1 emission filter, which selects only 568 

nm wavelength for Excitation-1 beam, is removed and instead a neutral density (ND) filter is 

placed into the beam path to reduce the light intensity. The fiber plugged into the Excitation-

1 beam’s fiber coupler is removed and the light beam is coupled instead into a separate 

multimodal optical fiber (similar types to that used for carrying detection light). The other end 

of this fiber is connected to either of the two detection fiber with an inline fiber coupler; the 

beam can then be projected to the mounted sample. Using the reflected light of the gold bead 
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sample, the ‘detection beam’ can be aligned to the Excitation-2 and STED beams by iteratively 

adjusting two mirrors present before the fiber emission filters in the detection box. 

B.2.2 Intermittent tasks 

The adjustments described in this section need adjusting - once in a month under normal 

circumstances, immediately before use if the setup has been inactive for a long duration or if 

decrease is observed in quality of the STED images. 

Beam polarization 

The polarization state is extremely important as a shift in polarization affects the destructive 

interference efficiency of the depletion beams. A home-built polarization analyzer (details in 

Osseforth 2014) with a rotating polarizer was placed between the 45° mirror and the objective 

to check the quality of the beams. The recorded signal shows a sine modulation. If the 

amplitude of the wave pattern is significantly larger for a particular beam, due to disturbed 

circular polarization, the λ/2 and λ/4 wave-plates in the beam pathway need to be adjusted. 

Ofcourse adjusting the λ/4 wave-plates, which is common to all beam pathways, disrupts the 

polarization of other beams. Hence, the adjustment needs be conducted iteratively for all 

STED beams till an optimal value is attained. 

Measuring spectral range 

A shift in the depletion beam spectrum is another factor that can affect the depletion 

efficiency of the microscope. A spectrometer was placed in the beam pathway just before the 

45° mirror and the spectra of each beam was displayed using OceanView software (version 

2.0, Ocean Insight). The spectrum can be adjusted by moving the mechanical slit in the 

monochromator till the correct wavelength range is obtained. Care has to be taken to lower 

the intensity of the beam before measurement as the spectrometer is highly sensitive and 

can give false data due to detector saturation. 
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Appendix C: Additional protocols 

C.1 Trial protocols for immunolabelling for motoneuron samples 
 

Steps Protocol-1 Protocol-2 Protocol-3 ICC protocol for 
neurons 

Adapted 
from 

(references) 

 (B. Huang et al., 
2008) 

(Hersch et al., 2016) Used for hiPSC 
and primary rat 
neurons in this 
study. 

Pre-fixation Wash with 1X 
PBS for 2 min. 

2X wash with 1X 
PBS for 3 min 
each. 

Wash with 1X PBS 
for 2 min. 

Quick wash with 
1X PBS warmed 
to 37 °C. 

Fixation With 4% 
electron 
microscopy 
grade PFA for 
20 min at RT. 

3% PFA + 0.1% 
glutaraldehyde 
for 10 minutes at 
RT. 
2X quick wash 
with PBS.  

3.7% PFA for 10 
minutes at RT. 
 

With cold (-20 °C) 
methanol* for 10 
min at -20 °C. 

Washing 3X washed for 
5 min at RT, 
with shaking. 

Quench with 400 
μl of 0.1% NaBH4 
(prepared 
immediately 
before use) for 7 
minutes at room 
temperature.  
Wash 3X for 5 
min each at RT, 
with shaking. 

Quench with 30 mM 
of glycine (diluted in 
blocking buffer) at 
RT for 5 min.  
Wash 3 X with PBS 
for 5min each.  

Wash with 1X 
PBS quickly to 
remove excess 
methanol. 3X 
washed for 5 min 
at RT, gentle 
shaking with 
hand. 

Perme-
abilization 
& Blocking 

Incubate with 
blocking 
buffer*     
(0.3% Triton-X, 
3% BSA in PBS) 
for 2 h in dark. 

Incubate with 
blocking buffer* ( 
0.5% Triton-X, 3% 
BSA in PBS) for 10 
min in dark. 

Permeabilize with 
3% Triton-X-100 at 
RT for 2 min in dark.  
Make blocking 
buffer (egtazic acid 
or EGTA 5mM, 
Glucose 5mM, MES 
10mM, MgCl2, NaCl, 
Streptomycin in 
ddH2O) and 5% 
Skim milk powder. 
Incubate for 45 min 
at 37 °C. 

Incubate with 
blocking buffer* 
(10% goat serum 
and 5% FBS, both 
filter-sterilized 
and 0.3% Triton-X 
in PBS) for 2 h in 
dark. 

Primary 
Anti-body 

incubation 

Dilute the 
blocking buffer 
1:10 in PBS 

Dilute antibody in 
blocking buffer. 
Incubate samples 

Dilute antibodies in 
washing buffer 
(blocking buffer + 

Dilute the 
blocking buffer 
1:10 in PBS and 
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and then use 
that to create 
antibody 
solution. 
Incubate with 
antibodies for 
2 h at RT in 
dark with 
shaking. 

with antibody 
solution for 30 
min at RT in dark. 

1% skim milk 
powder). Incubate 
with samples for 1 h 
at 37 °C. 

then use that to 
create antibody 
solution. 
Incubate samples 
with antibodies 
for atleast 12 h at 
4 °C in dark.  

Washing 3X PBS wash 
for 5 min each 
with shaking. 

3X PBS wash for 7 
min each with 
shaking. 

Wash 3X for 5 min 
with Washing 
buffer. 

A quick PBS wash 
for 2min with 
gentle shaking by 
hand. Followed 
by 3X PBS wash 
for 30 min each 
at RT. 

Secondary 
Antibody 

incubation 

Incubate with 
secondary 
antibodies for 
atleast 1 h at 
RT in dark, 
with shaking. 

Incubate samples 
with secondary 
antibody solution 
for 30 min at RT 
in dark. 

Incubate with 
secondary antibody 
for 45 min at 37 °C. 

Incubate with 
secondary 
antibodies for 
atleast 2 h at RT 
in dark. 

Washing 3X PBS wash 
for 5 min each, 
with shaking. 

3X PBS wash for 7 
min each with 
shaking. 

Wash 3X for 5 min 
with PBS.  
2X wash for 2 min 
each with ddH2O. 

A quick PBS wash 
for 2min with 
gentle shaking by 
hand. Followed 
by 3X PBS wash 
for 10 min each 
at RT. 

Post-
fixation 

With electron 
microscopy 
grade PFA for 
20 min at RT. 

With 3% PFA & 
0.1% 
glutaraldehyde 
for 10 minutes 
without shaking. 

 Fixation with cold 
(-20 °C) 
methanol* for 10 
min at -20  °C. 

Washing 3X washed for 
5 min, with 
shaking. 

3X wash for 5 min 
at RT, with 
shaking. 

 Wash with 1X 
PBS. 3X wash for 
5 min at RT, 
gentle shaking 
with hand. 

* For 12 mm and 18 mm of coverslip use 500 μL and 1000 μL  of methanol and blocking 
buffer solution, 400 μL  and 700 μL  of antibody solution, 500 μL  and 1 μL  of PBS washing 
solution respectively. 
** except when mentioned otherwise shaking was done on a tilting shaker. 
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C.2 Trial protocols for coating coverslips used for macrophage culture 

 

Uncoated Poly-L-Lysine (PLL) Polyvinyl Alcohol (PVA) 

[1, 1.5 or 2%] 

1. High precision 
coverslips were 
cleaned with 
ethanol and 
flamed on a 
butane burner. 

1. PLL diluted 1:50 in 
ddH2O was pipetted 
onto pre-cleaned high 
precision coverslip and 
left on for 5 min. 

2. PLL was removed by 
pipetting. The coverslip 
was washed thrice with 
ddH2O. 

1. Add desired amount of PVA beads 
(w/v) in ddH2O in a glass flask. 

2. Heat the flask atleast till 80 °C 
without shaking till PVA beads 
dissolves. The shake flask for 
minimum 15 min or till the solution 
becomes clear. 

3. Set a precleaned coverslip on the 
vacuum holder of a Spin-coater 
machine. Place a drop of 50 µL of 
the PVA solution on the centre of 
the coverslip. Spin for 20 sec at 
4000 rpm. Sterilize with UV before 
use. 

 
Figure C.2.1: Treating coverslip surfaces for macrophage cultures. Macrophages were cultured on 
glass coverslip surface with uncoated or PLL/PVA surface coating, fixed with 4% PFA and imaged on 
a widefield microscope. Scale bar 40 µm, applicable to all shown images. 
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